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THE PRODUCTION OF MANUFACTURED ICE AT 
LOW BRINE TEMPERATURES 


3 
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I. INTRODUCTION 


1. Preliminary Statement—The marked increase in the demand 
for manufactured ice during recent years and the possibility of still 
greater expansion offered by any general development of comfort 
cooling has led to increased interest concerning the factors controlling 
production efficiency. While advantages have been claimed for ice 
as a comfort cooling medium, its general application in this field is 
held by many engaged in its development to depend largely upon 
sufficient reduction in present production cost to allow its use to be 
included in the average household budget. 

On the basis of these considerations the present investigation was 
established in the Engineering Experiment Station of the University 
of Illinois in coéperation with the Utilities Research Commission, 
Inc., of Chicago, representing the Chicago Rapid Transit Company, 
the Chicago North Shore and Milwaukee Railroad Company, the 
Midland United Company, the Middle West Utilities Company, 
The Peoples Gas, Light and Coke Company, and the Public Service 
Company of Northern Illinois. The investigation was started on 
March 1, 1931, and was completed August 1, 1932. 


2. Advisory Committee—The advisory committee appointed by 
she directors of the Utilities Research Commission consisted of the 
‘ollowing members of the Commission: Mr. A. J. Authenrieth, Vice 
President in charge of Ice and Refrigeration of the Middle West 
Utilities Company, Chairman; Mr. C. J. Carlson, Refrigerating 
ingineer of the Commonwealth Edison Company; Mr. E. A. Arm- 
trong, Manager of Power Sales, Public Service Company of Northern 
llinois; Mr. George H. Jones of the Commonwealth Edison Com- 
any; Mr. J. B. Reynolds, Director of Industrial Development of 
Viiddle West Utilities Company; and Mr. E. A. Brandt, Assistant to 
Vir. Authenrieth, Middle West Utilities Company. 


3. Object of Investigation—The object of the investigation has 
een the study of ice production from the standpoint of operating 
ficiency, and the development of methods rendering increased 


ficiency possible. 
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; 4. Scope of Investigation.—Operation of the experimental ice plant — 
installed at the University of Illinois, and described in Bulletin 
No. 253, had indicated that at the brine temperature used throughout — 
the former investigation, 16 deg. F., the time required to freeze solu- — 
tions in standard ice cans was materially less than that resulting from ~ 
commercial operation. Since freezing time is an important factor in % 
the relation between freezing tank equipment and production capac-— ; 
ity, the conditions existing in the experimental plant were thoroughly 
studied in the present investigation. As a result of this work the 
experimental values obtained for the freezing time were determined — 
to be occasioned by the use of effective brine velocity and submerg- 
ence of the freezing cans. In addition, the optimum values for veloc- 
ity and submergence were defined, and the relation between freezing — 
time and brine temperature determined from 16 to 6 deg. F. At 6 — 
deg. F. the reduction in freezing time was 24 hrs., or 50 per cent of — 
that required in average commercial operation at 16 deg. F., repre- FE: 
senting a possible increase in plant capacity of 100 percent. Although — 
such operation at 6 deg. F. would require the installation of additional — 
equipment and increase slightly the power consumption per ton of — 
ice produced, an analysis of overall production cost indicates a pos- 
sible reduction of approximately 30 per cent compared with that 
resulting from average operation at 16 deg. F. 

Before such operating efficiency could be realized generally, how- — 
ever, it was necessary to develop production methods which would 
allow ice of marketable quality to be produced at the lower tempera- 
tures. The chief difficulties encountered were an increased tendency ~ 
for the ice formed to be opaque due to the increased rate of ice forma- 
tion occasioned by the lower freezing temperature, and for the frozen 
blocks of ice to shatter during the thawing procedure due to strains 
developed in the process of their removal from the cold brine. The — 
first difficulty was successfully overcome by the use of effective air — 
agitation during the freezing process, obtained by the methods de- — 
scribed previously in Bulletins 219 and 253. In the case of the 
second, two methods were developed, one of which involved treat- — 
ment of the water prior to the freezing process; the other, controlled 
annealing of the cans containing the ice following their removal from — 
the brine. 

As a result of the investigation the conditions affecting efficient 
production have been defined, the economic advantages of low tem- 
perature operation have been indicated, and production methods 
capable of overcoming the difficulties imposed by the use of low 


a 
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und ar lied i in actual plant operation. 
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tained in applying to commercial practice experimental results 
relating to the prevention of ice cracking. 


II. Discussion oF EQUIPMENT 


6. Experimental Ice Plant.—All of the results presented in this 
bulletin were obtained in the semi-plant scale experimental unit de- 
scribed fully in Bulletin 253, Sections 6 to 11. The only changes in 
the equipment made during this investigation were in the freezing 
tank. The stationary overflow weir connecting the freezing tank and 
the cold brine storage compartment was made adjustable so that the 
brine level in the former could be decreased, and one side of the 
freezing tank was altered to accommodate the device developed to 
compute the brine velocity. These changes will be described fully 


in sections to follow. 
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7. Control of Brine Temperature.-—Throughout the range of brine ~ 
temperatures investigated, control of the temperature was main-— 
tained by means of the equipment described in Bulletin 253. As the 
temperature in the freezing tank was decreased the temperature dif-_ 
ferential of 3 to 6 deg. F. formerly maintained in the cold brine — 
storage was continued, control being obtained by thermostatic opera- 
tion of the ammonia compressor. At each temperature investigated — 
the average deviation from the mean throughout the freezing period 
was again approximately 0.15 deg. F. 


8. Freezing Cans.—In all determinations of freezing time the cans 
used were of the standard 300-lb. variety, the dimensions being 11 x 
22 in. at the top, 10 x 20 in. at the bottom, and 50 in. height (outside). 
Those used to determine the relative freezing time for 11 x 22 and 
114% x 22% cans had the following dimensions: 114% x 221% in. top, 
10% x 21% in. bottom, and 45 in. height (outside). 

In determining the ability to produce marketable ice at 6 deg. F. 
from solutions of various salt concentrations adequate air agitation 
was obtained by means of the new type of freezing can developed in 
the previous investigation, the details of which have been described 
in Bulletin 219.* 
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III. Rentation Berween Brine TEMPERATURE AND 
FREEZING TIME 


9. Commercial Plant Data—A number of empirical formulas, 
based on practical operating experience, have been developed within 
the ice industry to indicate the relation between brine temperature 
and freezing time. The following, which for practical purposes has 
been found to conform well with average plant operation, is a typical 
example: 


RT = 6.25 X 11? 
32 — T 
where F.7. = freezing time in hrs. 
6.25 = a constant determined by experience 
11 = the width of the ice can at the top (narrow way) in in. 
T = the brine temperature, deg. F. 


The freezing time at various brine temperatures calculated on the 
basis of this equation is shown in Fig. 1. 


*Page 29. 
+Based on data compiled by the Middle West Utilities Company in 1929. Use of 11-in. cans has 


become sufficiently standardized in the ice industry to allow the freezing time expression to be limited 
to this type of container. 
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Fie. 1. Retation Between Brine TEMPERATURE AND FREEZING TIME; CoMPpari- 
SON oF EXPERIMENTAL ResuLTs witTH COMMERCIAL PLANT DaTa 


10. Experimental Plant Results—Results obtained in the experi- 
mental ice plant at the University during the previous investigation* 
showed that the freezing time at 16 deg. F. was consistently less than 
the 47.5 hrs. indicated in Fig. 1, the difference amounting to as much 
as 7 hrs. The relation between freezing time and brine temperature 
was therefore studied in the experimental plant to determine whether 
the experimental conditions resulting in the shorter freezing period 
persisted over a range of operating temperatures. 

The test conditions were standardized as follows: The solution 
frozen was distilled water,t agitated by means of 0.27 cu. ft. of air 
(standard conditions—S.C.)t per min. introduced through a standard 
single-orifice drop tube, centered in the can and extending to within 
2 in. of the bottom. No cores were removed during the freezing proc- 
ess, a sufficient number of determinations having indicated that the 
freezing time under these conditions was comparable to that obtained 
with solutions containing as high as 400 parts per million of dissolved 
salts in which a 1.5-gal. core was removed and the core cavity refilled 
with solution at 70 deg. F. The amount of water frozen in each 
determination was 37.9 gal. (316 lbs.); the original water level was 


*Bulletin No. 253, Section 14. 
tFor details of distilled water equipment and composition of the solution, see Section 10, 


Bulletin 253. 
tAll air vee used throughout this bulletin have been reduced to standard conditions, 760 


mm. Hg, 32 deg. F 
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Fig. 2. VotuME oF WATER REMAINING UNFROZEN AT VARIOUS INTERVALS SHORTLY | 
Berore Compete FREEzING. Brine TEMPERATURE 16 Dec. F 


5 in. below that of the brine, and the final level of the frozen block 
of ice, represented by the average of 12 points distributed over the 
surface, was approximately 1 in. below the brine. The average brine | 


velocity was later determined to be 33.3-33.4 ft. per min. 


In the determination of the freezing time some difficulty arose ~ q 
from lack of definite agreement within the ice industry as to the condi-_ 


tion which constituted a frozen block of ice. It is seldom customary 
to freeze the block of ice completely solid. The volume of water 


remaining unfrozen when the ice cans are removed from the brine — 
varies from plant to plant and is also dependent upon the seasonal 


demand. The extent to which the freezing time is affected by this — 
lack of agreement is shown in Fig. 2, indicating the relation between ~ 


the freezing time in hrs., and the volume of water remaining unfrozen 
in cu. cm. (1 cu. em. = 0.0002642 gal.) at various intervals shortly 
before complete freezing. The observation of many commercial 
operations indicated, however, that the average volume of water re- 
maining unfrozen when the cans were removed from the brine was 
200 cc. (somewhat less than 0.5 pt.). Throughout this investigation, 
therefore, the freezing process was arbitrarily assumed to be complete 
when this volume of water remained unfrozen, and this condition 
shall be designated hereafter as the 200-cc. end point.* In addition 
to the time required to reach the 200-ce. end point, however, the time 


- 


‘ 
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- 


required to completely freeze all of the water, or to reach the complete — | 
end point, was also recorded, and has been included so that the data — 


*In practice this point was determined by drawing the unfrozen core water into a graduated 
cylinder by suction at various intervals, and noting the time at which the standard volume was reached. 
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Freezing Time, hr 


200 ce. End Complete End 


Mean Prob- Mean Prob- 
able Time, 
Error hr. 


- he eee gm 315 | 5.08 | —0.30*} 2 | 44.0 | 0.10 | 45.6 |* 0.18 

ee  *Indicates final ice level above the brine. ’ 
e i 
4 ic 
iq obtained may be correlated with commercial operation wherein this * 


_ practice is followed. 

Standard 300-lb. cans, the dimensions of which have been given in 
Section 8, were used throughout the tests. Although many commer- 
cial plants still use 300-lb. cans of somewhat larger cross sectional 
dimensions, they were not separately investigated except to deter-.— fs 
mine the effect which the additional 14 in. in can width exerted upon 
the freezing time. The results, compared with those obtained using 
the more standard can dimensions under approximately the same 
conditions, are given in Table 1. The difference of 4 hrs. shows 
clearly the reason for the present-day standardization on the 11-in. 
can and its exclusive use throughout the present investigation. 

Under the standardized conditions noted, the results obtained are 
given in Table 2 and are compared with commercial-plant data in 
Fig. 1. The values for the probable error of the mean freezing time 
given in columns 6 and 8 of Table 1, and columns 3 and 5 of Table 2, 
were calculated,* and are also given in these tables. 

11. Conclusions—The difference between the observed freezing 
time at the 200-cc. end point in the experimental plant and that 
occurring in average commercial operation decreased from 8 hrs. at 
16 deg. F. to 4.5 hrs. at 6 deg. F. While the difference was constant 
at 4.5 hrs. below 10 deg., it increased steadily above 10 deg. These 
results indicated that factors other than those considered in the 
empirical formulas developed from commercial operation were also 
capable of exerting a marked effect upon the freezing time. An 


*See Lovit, W. V., and Holtzclaw, H. F., ‘‘Statistics,” Ist Ed., Prentice-Hall. 1931. 
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TABLE 2 
RELATION BETWEEN BRINE TEMPERATURE AND FREEZING TIME 


Conditions: Solution frozen, distilled water 
Cans, standard 11 x 22 in., 300-lb. 
Weight of water frozen, 316 lb. ' 
Original water level, below brine, 5 in. 
Average final ice level, below brine, 1 in. 
Agitation, standard, single orifice drop tube = 
Air for agitation, 0.27 cu. ft. per min. (standard conditions) 
Cores, none 


Freezing Time, hr. 
Brine No. of 200 ec. End Complete End 
‘Temper- Samples 
ature 

oad Mean Time Probable Mean Time Probable 4 
hr. Error hr. Error ‘- 
16 2 9 0.042 40.4 0.057 ; 
12 4 32.6 0.609 34.5 0.546 hs. 
10 8 29.2 0.186 31.3 0.254 a 
8 3 27.1 0.178 29.3 0.343 + 
6 3 0.200 25.4 0.200 é 


analysis of the conditions existing in the experimental plant led to 
the conclusion that both can submergence and brine velocity were 
more effective than in average commercial operation. A detailed 

investigation of their full effect was therefore undertaken. 


IV. Revation BETWEEN CAN SUBMERGENCE AND 
FREEZING TIME 


12. General Statement—Although it has been a common practice 
in commercial operation* to so fill the freezing cans that the brine 
outside the cans was at least even with the surface of the water inside™ 
the cans, the disadvantages of such procedure have recently been 
fully appreciated. According to Ehrenfeld and Gibbst the freezing 
time at any brine temperature may be reduced to a minimum by 
maintaining a proper relation between the levels of the water and 
brine. Under the conditions resulting from the former commercial 
practice, effective heat transfer between the final unfrozen core water 
and the brine is not possible since the final level of the ice extends 
4 to 4.5 in. above the brine owing to the expansion of the water during 
the freezing process. According to the data presented by Ehrenfeld 
and Gibbst the freezing time is first reduced as the submergence of 

*Macintire, H. J., “Handbook of Mechanical Refrigeration,” 1st Ed., p. 381. Wiley. 1928. 


Moyer, A. M., and Fittz, R. A., ‘‘Refrigeration,’’ Ist Ed., p. 302. McGraw-Hill. 1928. 


}yEhrenfeld, C. H., and Gibbs, R. E., ‘‘Water for Ice Maki d Refri tion,”’ ‘ 
Nickerson and Collins. ’ 1928. ; ace See eee aad 


fLoe. cit., p. 82. 
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Fig. 3. ReLation BerTweeN CAN SUBMERGENCE AND FREEZING TIME 


the cans is increased, passes through a minimum when the final level 
of the ice is approximately 2 in. below that of the brine, and then 
steadily increases. This behavior is possibly explained by the fact 
that the freezing time was assumed to be the point at which the 
unfrozen core reached a fixed depth of 4 in. and that under the experi- 
mental conditions employed a difference in levels existed between the 
central portion of the block of ice and that at the sides of the can, 
this difference increasing with the submergence and in turn increasing 
the path through which heat had to be removed from the final core 
water by the brine. 

Except for the development of conditions similar to those existing 
during the investigation of Ehrenfeld and Gibbs, no increase in freez- 
ing time would normally be anticipated as the submergence is in- 
creased. Since these conditions were not encountered in the course 
of the present investigation the relation between freezing time and 
submergence, which will be arbitrarily defined as the relation between 
the final level of the ice and the level of the brine, was determined at 
both 16 and 6 deg. F. over an extended range. 


13. Method of Conducting Tesis——Before fixing the conditions 
under which the effect of submergence could be accurately determined 


"RELATION. Brrwnen Can y SUBMERGENCE AND 


As 
; tions: So lution frozen, distilled water | 
vi ee 7, Cans; standard 11 x 22 in., 300-Ib. eg 
: +3 Average brine velocity past cans, 33.4 ft. mas ome 
* Agitation, standard single orifice drop tube 


s oe ee _.___ Air for agitation, 0.27 cu. ft. per min. (standard conditions) 


¥ 


=f ve Cores, none 


(irae nel gicoad 
average leve ; 
| Weight Water ta in| of top of final } 200 cc. End 
Water | Can Relative to} block of ice 
Frozen, | Brine Level, relative to 
lh. | Below Brine, average brine Mean 
in, level, below Probable 
brine) i in. he Bicror 


333 42.75 —2.4* 4 46.9 0.25 50 0 
i 320 tio ie 4 41.2 0.53 Siz ae 
J 316 +4.00 —0.26 2 39.8 0.02 41.3 0.04 
Ye 308 +5.02 +1.037 2 38.9 0.04 40.4 0.06 3 
299 +5.97 +1.95 2 38.8 0.02 39.9 0.02 > 
a 295 +6.95 +2.39 2 38.6 0.06 39.9 0.06 
| 282 +7 .97 +4.12 2 38.3 0.04 39.5 0 ‘ y 
bry *— values indicate in. above brine. 
2 ++ values indicate in. below brine. 


i in the experimental plant, one point—the effect on the freezing time 
of the weight of water frozen, as well as the submergence—had to be 
established. Since the freezing tank was originally designed* to 
maintain a constant brine level by means of a fixed overflow weir 
leading to the cold brine storage compartment, the only method’ 
available for varying the submergence was to alter the volume of 
water frozen. 

It was finally determined, however, that, over the range investi- _ 
gated, the weight of water frozen exerted no appreciable effect on the . — 
freezing time. This was established by replacing the fixed weir by” 
one allowing the brine level in the freezing tank to be increased, thus 
allowing samples to be frozen from the same weight of water at vari- 
ous degrees of submergence. As indicated by the data shown in > 
Table 4 and the squared points in Fig. 3, the observed values fall on 
the same smooth curve. 

With the exception of the details described, the operating condi- 
tions used throughout the tests were the same as those used in deter- 
mining the relation between brine temperature and freezing time, 
previously described in Section 10. The results obtained are tabu- 
lated in Tables 3 and 4, and plotted in Fig. 3. 


*See Section 8, Bulletin 253. 
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sity pact cans, "33. 3 ft. per 
i eee ‘orifi sans 8.3 She aye 
tation, Ot cu. ft. per min. (standard conditions) 


_ Freezing Time, hr. ‘ 


he. gOrgi Submergence, e. 
pips ak Water jae cevethas Pek - ae 
in Cans BEen ‘ 
Water aa to block of ice ae ARS oem ae 
Frozen, | Brin ae Hac to Ne a a 
lb. Below: average brine Yt 
S * Brine level, below Mean | Prob- | Mean | Prob- 4 
brine) in. Time, able Time, able . 
hr. Error hr. Error . 
—0.14*} —4.62* 2 30.3 0.64 33.1 0.63 
+2.70F —1.59 3 26.2 0.27 28.0 0.21 
+3 .44 Oona 3 25.0 0.24 26.5 0.25 
+3.68 —0.52 4 25.1 0.18 26.4 0.22 
+4.99 +1.01 3 24.4 0.20 25.4 0.20 
+5.14 +1.09 2 24.1 0.06 25.1 0.06 
+6 .00 +2.12 3 24.3 0.29 25.4 0.24 
+6.97 +3.12 3. 23.9 0.04 24.9 0.04 
Grif 4.25 4 24.1 0.12 25.1 0.15 
: 2 24.19 | 0.06 25.19 | 0.06 


*— values indicate in. above brine. , 
T + values indicate in. below brine. . 
tBrine level in tank reduced. ’ 


> {Designated in Fig. 4 by squared points [], 
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14. Discussion of Results—The results clearly indicate the extent 
to which submergence may influence freezing time, especially when 
the final ice level extends above the brine. As long as the final ice 
level is below the brine the relation between submergence and freezing 
time at both 16:and 6 deg. F. is remarkably similar. In both cases 
the maximum decrease in freezing time is approximately 1 hr. and the 
optimum submergence 1.5 to 2.5 in. below the brine, the optimum 
submergence in this case representing the point below which no fur- 
ther appreciable decrease in freezing time results and not, as observed 
by Ehrenfeld and Gibbs, the point below which the freezing time is 
increased. No minimum point was exhibited by either of the curves 
for the two temperatures investigated. It should be stated, however, 
that under the conditions employed no marked rise in the central 
portion of the ice cake at the top, similar to that described by Ehren- 
feld and Gibbs, was observed. It is undoubtedly significant that the 
optimum submergence observed (1.5 to 2.5 in.) and the minimum 
reported by Ehrenfeld and Gibbs (1.75 in.) are approximately the 


same. 


‘ 
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When the ice extends above the brine the relation between sub- 
mergence and freezing time no longer remains the same for the two 
temperatures investigated. Referring to Fig. 3, it is seen that raising 
the final ice level from 0 to 2.4 in. above the brine increases the 4 
freezing time 7.5 hrs., or 19.0 per cent, at 16 deg. F. as compared with q 
2.35 hrs., or 9.6 per cent, at 6 deg. F. This may be explained by 
assuming that, at the lower brine temperature, the greater temper- : 
ature gradient existing between the brine and the unfrozen core water 
more effectively compensates for the decrease in heat transfer 
imposed by the decreased submergence. ‘ 

Therefore, although the experimental results shown in Fig. 1 
were obtained with the ice level 1 in. below the brine and not at the 
optimum submergence, the decrease in freezing time under these 
conditions, compared with that in commercial operation, wherein the | 
submergence in the past has been such that the final ice level extends 
above the brine as much as 4.5 in., is sufficient in itself to account for 
the results obtained. i 


15. Conclusions.— 


(1) The freezing time at brine temperatures ranging from 16 to 
6 deg. F. is materially decreased by increasing the submergence to 
a point at which the final ice level is 1.5 to 2.5 in. below the brine. 

(2) Increasing the submergence below 2.5 in. results in no 
appreciable decrease in freezing time. 

(3) No minimum point exists in the submergence-freezing 
time curves at either 16 or 6 deg. F. under the test conditions em- 
ployed beyond which the freezing time increases as the submerg- 
ence is increased. 

(4) When the final ice level is below the brine the effect of « 
increasing the submergence is similar at 16 and 6 deg. F. ~ 

(5) When the final ice level is above the brine the effect of 
increasing the submergence differs at the two temperatures inves- 
tigated, at the higher temperature the freezing time exhibiting a 
greater increase for a given decrease in submergence than at the 
lower. 


V. RELATION BETWEEN BRINE VELOCITY AND 
FREEZING TIME 


16. General Statement.—Although the favorable operating results 
obtained in the experimental plant were accounted for on the basis of 
effective can submergence alone, it was decided to investigate also 
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the effect of brine velocity upon freezing time. In the past attention 
_ has been called to the material reduction in freezing time made 
possible by the increased heat transfer resulting at high brine veloc- 
_ ities,* and only recently Buehlert has stated that no other item of | 
be ice plant operation probably receives less attention than proper circu- 

_ lation of brine in the freezing tank, and no other point exists at which 

__ the efficiency of most of the older existing plants can be improved at 

_ such low cost, since a large number of plants are in operation in which 
the brine velocities are less than 10 ft. per min. On the basis of 
practical experience and observations in numerous commercial plants, 
Buehler estimated the relation between velocity and freezing time in 
average commercial operation as follows: 


“The freezing time of ice is computed by the. . . formula: 


Pe Boe T 
where H = freezing time in hrs. 
t = the width of ice at 
the top (narrow way) 
A =a constant 
T = the brine temperature. 
The constant A depends upon brine velocity past the cans, can submergence, the kind 
and density of the brine, the temperature of the water to the cans, the character of 
the water, the size of the core pulled, the temperature of the core refill water, whether 
air agitation is supplied to the can water, and perhaps several other factors. 
“For the quickest freezing time at a given brine temperature A must be a mini- 
mum, which occurs when the brine velocity past the cans is high, the finished block 
- of ice is submerged an inch or two below the brine level, soft water at a low temper- 
ature is provided, a small core is pulled, and the can water is agitated with air. With 
all other factors reasonably favorable, A will range from 5.75 to 6.5 at brine velocities 
of from 40 to 25 ft. per min. With 10 to 15 ft. per min. brine velocity, A is about 7, 
and with poorer agitation and other factors unfavorable the value of A mounts 


rapidly.” 

As indicated in Fig. 4, the proposed values of A fall on a straight 
line when plotted against velocity, thus allowing the freezing time to 
be calculated for velocities ranging from 10 to 50 ft. per min. On the 
basis of these data the freezing time may be decreased 13 hrs. at 
16 deg. F. and 9 hrs. at 6 deg. F. by increasing the brine velocity over 
the range indicated. 

In planning the investigation of brine velocity in the experimental 
plant it was decided to determine the effect exerted by the average 
velocity u{ upon the freezing time under the operating conditions 
previously described in Sections 10 and 13, without first evaluating 
the resistances and film coefficients involved and calculating the 


*Moyer and Fittz, ‘‘Refrigeration,” 1st Ed., p. 318. McGraw-Hill. 1928. 
a Moes, H., ‘Principles of Refrigeration,” p. 293. Nickerson and Collins. 1926. 


hier, L., Jr., Power 74, No. 20, 706 (1931). eee 
walker pee el Hepes “Principles of Chemical Engineering,”’ 2nd Ed., p. 53. McGraw- 


Hill. 1927. ‘‘The term, u, unless otherwise defined, represents the average velocity of the fluid as 
feet per second, namely the cubic feet of fluid passing per second divided by the area of the opening 
in square feet, regardless of whether or not the liquid fills the opening. 
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effect on the basis of theoretical data. The desirability of funda- 
mental heat exchange data in this field will be discussed later. - 


17. Discussion of Brine Velocity Measurements.—A preliminary 
determination of the average velocity wu existing in the freezing tank « 
throughout the experiments previously described was made by re- 
moving the freezing cans from one side of the tank* and measuring 
the velocity of the brine circulated by means of a weighted rod float. 
With these approximate data the average velocity between the 300-lb. 
freezing cans was calculated to be 29 ft. per min. Having established 
the probable range to be investigated, it was evident that evaluation 
of the average velocity by exploring the free space between the cans 
with a pitot tube was impractical due to the low velocity heads to be 
encountered (0.001 ft. at 6 ft. per min., 0.0058 ft. at 36.6 ft. per min.). 


Determination of the average velocity in the free space between the _ 
cans by weighing the brine circulated also introduced difficulties, 
since the brine could not be removed from the tank. The problem was . 

*For description of freezing tank details, see Section 8, Bulletin 253. | 


vi J 


rate at the low velocities to be studied. 


- 
~ tive diaphragm float by means of which the velocity of the circulated 
| ‘brine could be determined in an open flume mounted in the freezing 
tank and the average velocity in the free space between the cans 
; calculated. The accuracy of the diaphragm-float method has been 
demonstrated previously in the case of large power plant installa- 
tions.* According to. Weider,t+ development of the method is credited 


q to Andersont and determination of its performance to the Swiss _ 


_ Bureau of Hydrography { whose results, comparing the accuracy of 
_ the diaphragm method with current meter, weir, and chemical mea- 
surements, indicated the diaphragm and current meter gaugings to 


agree within one per cent. It is essentially a modification of the 


common float method such that the velocity is integrated over the . 


entire area of a channel of uniform cross section. In a well designed 
apparatus the frictional resistance and the clearance between the 
diaphragm and the walls of the channel, usually about 0.5 in., are so 
small that no serious error is caused by neglecting their effect, especi- 
ally since they have a tendency to counter-balance each other on 
~ account of the small velocities occurring near the periphery.§ The 
measurements are subject to errors 
(1) in measuring time, 
(2) in observing the depth of fluid in flume, 
(3) due to the frictional resistance of the carriage supporting the 
diaphragm, 
(4) due to the velocities in the clearance, 
(5) due to the wind pressure on that part of the apparatus not 
submerged, 
(6) due to the diaphragm rubbing against the periphery of the 
channel, and 
(7) due to failure of the float to attain the velocity of the fluid 
flowing in the flume upon entering test section. 
“If precautions are taken to avoid these errors, the diaphragm 
method offers an accurate means of measuring moderately large 


*Lea, F. C., “Hydraulics, ” Ath Ed., p. 566. Arnold. 1923. 

Weider, C. Rey “The diaphragm ‘method for the measurement of water in open channels s 
uniform cross section.’ Bulletin of University of Wisconsin, No. 672. Engineering series, Vol. 
SO eat op ote ity of Stockholm 

versity of Stockholm 

‘eee en Oe cue Vorsuche mit Fligel und Schrim-Apparat zur Bestimmung von Wasser- 
mengen.”’ Bulletin of the Swiss Bureau of Hydrography, Bern, Switzerland: The Secretary, der 
Schweizerischen Landeshydrographie. 

§Weider, C. R., loc. cit., p. 10. 


er complic ted byt the fact tat tian use eet weirs or venturi meters — ; 
d the development of differential heads which could not be — 
nitted, and current meters were not considered sufficiently accu- _ 


The method finally adopted involved the development of an ofa ‘ 4 
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quantities of water, which cannot be exceeded by any other method 


known at the present status of hydrometry.’’* 

} Since it has been possible to overcome the difficulties noted in 
applying the method to a small flume, the details of the equipment 
developed and its application in determining the volume of brine 
circulated in the freezing tank will be described. 


18. Measurement of Brine Flow and Average Velocity—A flume of 
uniform cross section, through which flowed all brine circulated in the 
tank, was mounted in the space afforded by removing all cans from 
one side of the tank. The velocity of the brine in the flume was 
determined by timing the passage of a diaphragm float over a test 
section after it had assumed the average velocity of the fluid stream. 
The volume of brine circulated was calculated from the velocity, 
height, and average cross sectional dimensions of the brine stream in 
the flume, and, in turn, the average velocity wu of the brine in the free 
space between the freezing cans. 

Details of the freezing tank, showing the flume in place, are given 
in Fig. 5. The dimensions of the flume were 8 x 3 x 0.984 ft. The 
float was timed over a 6-ft. section in which the average cross- 
sectional area of the brine stream was 2.52 sq. ft. 

The float, details of which are shown in Fig. 6, consisted of an 
aluminum plate 30.5 x 10.5 x 149 in. clamped between two blocks of 
Balsa wood at the top and weighted with lead strips at the bottom. 
The assembled float was coated with water-proof lacquer to maintain 
its buoyancy. A system of brass rod supports, from the ends of which 
were suspended four thin metal guides, was mounted on top of the 
Balsa wood blocks. The guides, which fitted over the two tightly- 
stretched piano wires paralleling the flume (indicated in Figs. 5 and 


6), served to keep the float centered in the flume and the plane of the 


*Weider, loc. cit., p. 14. 
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aluminum plate at right angles to the sides. The lead strips at the 
bottom were adjusted until the plate floated at all times perpendicular 
to the surface of the brine. 

The velocity of the brine in the flume was determined as follows: 
The float was placed in the brine at the point A in Fig. 5. At point B, 
Fig. 5, the velocity of the float was approximately that of the brine. 
The time required for the float to pass the 6 ft. section between B and 
C was determined by means of a stop watch. This procedure was 
repeated ten times for each run, the average value being used for 
computation. At the highest brine velocity studied the average 
deviation from the mean of ten measurements was 1.2 per cent. 
The guides successfully prevented the float touching the flume at any 
point, and the resistance to flow resulting from contact between the 
guides and piano wire was negligible. The error involved in the 
measurement was assumed to not exceed 2 to 3 per cent. 

The brine was circulated in the freezing tank by a vertical double- 
bladed propeller, 6 in. in diameter, which was centered in a short 
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at 1140 rev. per min.* The volume of brine circulated, and in turn 


the average velocity u of the brine between the freezing cans, was - 
varied by using a series of propeller blades the pitch of which ranged | 


from 1 to 8 in. 

In that portion of the freezing tank containing the freezing cans ~ 
only the cans A and B indicated in Fig. 5 were used to determine the 
freezing time; the cans 1, 2, 3 and 4, Fig. 5, were permanently held in © 
place and served to control the flow of brine past A and B in a manner 
comparable to that occurring in practice. 

The free space between the cans A and B in a cross-section at 


right angles to the brine flow was determined accurately. A cross- 


sectional view of the tank in the plane 1-1, (Fig. 5), showing the 
spacing of the cans, is given in Fig. 6. In order to insure the cans 
having the same relative position in each determination, guides were 


attached to the can supports at the bottom of the tank as shown in | 


Fig. 6. . 
Since the difference in fluid head between the inlet and outlet of 
the agitator varied with the volume of brine circulated, the height of 
the column of brine between the cans and in the flume was determined 
for each run. 

A sample calculation of the average brine velocity u between the 
cans from the observed data follows: 


(1) Height of brine in flume = 2.56 46. 
(2) Height of brine between cans A and B = 3.813 ft. 
(8) Average width of flume = 0.984 ft. 
(4) Average cross sectional free space between cans = 2.803 sq. ft 
(5) Time required by float to traverse 6 ft. section in 
flume (mean; average deviation = 0.5 per cent) = 47.8 sec. 
(6) Average float velocity in flame —j5<— = 7.5 ft. per min. 
(7) Volume of brine circulated 0.984 & 2.56 X 7.5 = 18.91 cu. ft. per min, ~ 
; . 18. 
(8) Average velocity win free space between cans, Sins = 6.74 ft. per min. 


19. Effect of Average Brine Velocity on Freezing Time at 16 and 


6 Deg. F.—As stated previously, conditions strictly comparable to 


those used in determining the relation between freezing time and both 
temperature and submergence were used throughout the investiga- 
tion of brine velocity. The temperature-control equipment previ- 
ously described{ was effective in maintaining a low temperature 
gradient throughout the freezing tank. During the tests at 16 deg. F. 


the maximum temperature difference between the upstream and 
down-stream sides of the cans A and B at the lowest velocity studied, 


*For details, see Fig. 1, Bulletin 253. 
fSection 6, Bulletin 253. 
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7.33 ft. per min., was 0.3 deg. F., the average difference being 0.17 
deg. F. 

The results obtained with average velocities ranging from 6.7 to 
44.4 ft. per min. at 16 and 6 deg. F. are givenin Table 5. The data, 
compared with the values calculated from Buehler’s equation* for 
commercial operation, are presented graphically in Fig. 7. The values % 
of A used in evaluating Buehler’s equation are those given in Fig. 4. g 
The observed thickness of the frozen blocks of ice at the top was _ 
10.8 in. ‘ 


20. Discussion of Results ——The only possible explanation for the 
wide variation existing between the experimental results and those 
estimated for commercial operation, which reaches a maximum of 
9 hrs. at 16 deg. F. and 4.5 hrs. at 6 deg. F., is that the methods 
available for the estimation of brine velocities in commercial plants 
have not been sufficiently accurate, especially at the lower velocities. — 
The practice of calculating the volume of brine circulated on the basis 
of manufacturers’ ratings of propellers is apparently subject to ap- 
preciable error unless the equipment is calibrated under actual 
working conditions. 

However, of greater significance than any discrepancy in freezing 
time itself is the variation between the observed velocity—freezing 
time relation and that calculated from the commercial plant data. 
The latter lead to the conclusion that the freezing time decreases 
uniformly as the velocity is increased, while the experimental results 
indicate clearly that no material decrease in freezing time occurs for 
velocities greater than 30-35 ft. per min. The experimental results 
are partially confirmed by the experience of one manufacturer of ice 
plant equipment, which has led to the adoption of 33 ft. per min. as« 
the optimum velocity to be used in freezing tank design, and that of a 
second, which indicates that increasing the brine velocity above 30-40 
ft. per min. did not decrease the differential temperature between the 
brine and the liquid ammonia in flooded coils located between the 
freezing cans. 

Due to the fact that complete data are not available concerning 
the factors which control the flow of heat from the water in the cans 
to the brine, full interpretation of the observed velocity—freezing time 
relation is impossible. According to the theory of heat transfer, 
however, the removal of heat should be limited by the resistances 
offered by (a) the fluid film existing between the unfrozen water and 


*Loe. cit.; see also Section 16. 
jInformation based on personal interviews. 
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« ph 
» ( ‘ ) the ice “Aik which i increases in Si clrees par eet the 
he process, (c) the metal can wall, and (d) the brine fluid film. 

AL hough | the overall temperature gradient between the unfrozen 

4 ater and the main body of the brine remains constant at any given 
_ operating brine temperature, the gradients between the unfrozen  __ 

_ water and the inner can wall, throughout the can wall and between | 

_ the outer can wall and the main body of the brine, change continu- 

f ously throughout the freezing process. Until these resistances and 

_ temperature gradients have been fully evaluated the experimental 

results must of necessity be accepted on the basis of their practical 

application. 

One factor of possible significance, however, may be estimated 

on the basis of data now available. Gould and Levy* have deter- 

_ mined the relation between the friction factor and Reynold’s num-__, 
ber,t shown in Fig. 8, and also between the reciprocal of the kine- 
matic viscosityt and the temperature of calcium chloride brines of 
various compositions, shown in Fig. 9. The discontinuity occurring 
at a Reynold’s number of approximately 2 500 in Fig. 8 has been 
interpreted as indicating the region in which the nature of the flow 
changes. Gould and Levy state that the portion of the curve in- 
cluding abscissas of from 500 to approximately 2 500 may be repre- 


16 
sented by the equation f = or (where f = the friction factor), which 


__ is applicable to any fluid in viscous flow in any pipe regardless of the 
nature of the inner surface. For values of Reynold’s number ex- 
ceeding 2.500 the flow is turbulent. In passing from viscous to 
turbulent flow at a value of R = 2 500, the friction factor increases. 
Therefore, since f = 16/R = 16v/du, the velocity range defined by 
the two values (0.0065 and 0.01) of f corresponding to a Reynold’s 
number of 2 500 in Fig. 9 should define the critical range bounded by 
an upper and lower critical velocity. Viscous flow may persist to 
the upper, but turbulent flow is the more stable at velocities above 

the lower critical velocity. 
The critical velocity range for the brine used in the experimental 


*Gould, R. E., and Levy, M. I., ‘Flow of Brine in Pipes.” Engineering Experiment Station 
Bulletin No. 182, University OF ‘ilinois. 1928. 
+Reynold’s number Rk = ie 
where d = inside diameter of pipe in ft. 
u = average fluid velocity in ft. per sec. 
p = density in lb. per cu. ft. 
» = absolute viscosity in lb. per ft. per sec. 


{Kinematic viscosity, » = a. 
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Fic. 9. Revation Between Recrprocat or KINEMATIC VISCOSITY OF CALCIUM 
CHLORIDE BRINE AND TEMPERATURE FOR DIFFERENT SPECIFIC 
GRAVITIES—GouLD AND Lrvy 


plant* at both 16 and 6 deg. F. was calculated by using the appropri- 
ate values of the kinematic viscosity, v, given in Fig. 9, assuming the 
change of density with temperature to be that given in Fig. 10,f and 
considering the free space between the cans below the brine level in 
terms of an equivalent pipe diameter.{ Although the application of 


*Calcium chloride brine, sp. gr. 60/60 = 1.202, containing 21.97 per cent CaCle by weight. 
tJessup, R. S., International Critical Tables, Vol. Il, p. 327. Determination of the density of 
the brine used at 6 and 16 deg. F. checked with the values determined from Jessup’s data. 


fEquivalent pipe diameter, d = 4 m, where m = hydraulic radius in ft. = area of cross-section 
in sq. ft. divided by the wetted perimeter in ft. 
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Fic. 10. Re,ation Between Composition AND Density or ComMMmeErciIAL CAL- 
cIuM CHLORIDE BRINE AT VARIOUS TEMPERATURES—JESSUP 


data obtained from pipes to sections other than circular is obviously 
limited in significance,* the calculated values indicated in Fig. 7 were 


the following: 


16 deg. F.—lower critical velocity = 10.4 ft. per min. 
upper critical velocity = 15.9 ft. per min. 

6 deg. F.—lower critical velocity = 13.3 ft. per min. 
upper critical velocity = 20.5 ft. per min. 


The apparent correlation between the critical range and the 
change in scope of the velocity—freezing time curves may be inter- 
preted as indicating that, as long as the flow is viscous, increasing the 
velocity reduces the freezing time by decreasing the thickness of the 
brine film. When, however, the velocity passes into the region of 
turbulent flow the thickness of the brine film is so reduced that the 
ice wall becomes the limiting resistance and further increase in veloc- 
ity develops only a slight decrease in freezing time. As stated previ- 
ously, however, complete analysis of the conditions can only be made 
when additional data become available. 


21. Application of Brine Velocity Data.—Although direct deter- 
mination of brine velocity in commercial installations is subject to 


*According to Kratz, Macintire and Gould, Univ. of Ill. Eng. Exp. Sta. Bul. No. 222, p. 12, 1931, 

“In the ease of geometrically dissimilar cross-sections, it is doubtful whether any mathematical 
process ostensibly expressing the dimensions in terms of an equivalent diameter can be strictly justified. 
That is, while two cross-sections having the same mean hydraulic radius may be mathematically 
equivalent, they may not be physically equivalent owing to the fact that a different velocity distribution. 
results from the difference in the shape of the channels, and the head loss under otherwise similar condi- 
tions is influenced by the velocity distribution as well as by the average fluid velocity. 
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Fic. 11. Revation Berween 200-cc. ENp Point FrREEzING TIME AND BRINE 
TEMPERATURE AT VARIOUS AVERAGE BRINE VELOCITIES 


numerous difficulties, as indicated in Section 17, its estimation with 
sufficient accuracy should be possible on the basis of the experimental 
data obtained during the present investigation. In Fig. 11 the rela- 
tion between brine temperature and freezing time at the 200-cc. end 
point has been plotted for average brine velocities ranging from 7.5 
to 40 ft. per min., on the assumption that at any velocity within this 
range the freezing time may be expressed as a straight line function 
of brine temperature similar to that exhibited in Fig. 1 for a velocity 
of 33 ft. per min. Values for the freezing time at 16 and 6 deg. F. and 


the velocities noted in Fig. 11 were taken from the brine velocity— _ 


freezing time curves shown in Fig. 7. Approximate values for the 
brine velocity existing in any commercial plant should be obtained by 
comparing the freezing time determined under conditions comparable 
to those used in the tests resulting in the data given in Table 2 with 
values for the same temperature taken from Fig. 11. 


22. Conclusions.— 

(1) The relation between average brine velocity and freezing 
time determined at 16 and 6 deg. F. for velocities ranging from 
6.7 to 44.4 ft. per min. indicates that the effect of velocity is 
remarkably similar at both temperatures. In the range of viscous 
flow the freezing time decreases rapidly as the velocity increases, 


\ 


mated on the basis of plant performance. Since direct measure- 
ment of brine velocity presents numerous difficulties under oper- 
ating conditions, it seems probable that estimated plant velocities 
are in error. 

(3) On the basis of the experimental results a method has been 
proposed whereby velocities in commercial freezing tanks may be 
determined indirectly with reasonable accuracy. 

(4) While not effecting the decrease in freezing time afforded 
by optimum submergence, increasing the average velocity from 
' 7.5 to 44.4 ft. per min. decreases the freezing time 4.6 hrs. or 
P 10.6 per cent at 16 deg. F., and 3.25 hrs. or 11.8 per cent at 6 
deg. F. 


VI. PRODUCTION OF TRANSPARENT Icke at Low 
BRINE TEMPERATURES 


23. General Statement.—Results of the ice investigation at the 
University of Illinois previously reported* have indicated that since 
- opacity is occasioned by local concentration at the ice surface of salts 
dissolved in the water being frozen, its occurrence may be prevented 
at a brine temperature of 16 deg. F. by the use of efficient air agitation 
throughout the freezing process. However, since local concentration 
results from the rapid removal of water as ice from the surface film, 
and is thus in turn affected by the brine temperature, the tendency 
for salts to concentrate at the surface increases materially as the 
brine temperature is decreased. Therefore, as the brine temperature 
is reduced below 16 deg. F., the agitation of the solutions being frozen 
must. become increasingly effective in order that opacity may be 
prevented. 

In the course of the investigation previously described, a new type 
of freezing can was designed to afford the agitation required in the 
case of highly mineralized solutions frozen at 16 deg. F. By con- 
trolling the volume of air applied, any degree of agitation required 
could be obtained over a considerable range. The performance of 
this can at 16 deg. F. indicated that it should prove equally effective 
in preventing the occurrence of opacity as the freezing temperature 


+ ae ia gee hmmm meena 


was decreased. Tests were therefore undertaken to determine the 


*Hngineering Experiment Station Bulletins 219 and 253. 


ile ‘thet Thutenity rarige the freezing fine gradually approaches 
stant value. At both 16 and 6 deg. F. no material decrease |: 
n freezing time occurs at velocities greater than 30-35 ft. permin. 
(2) The experimental results deviate widely from values esti- if 


TABLE 6 ! 
Composition or SoLuTions Frozmn At 6 Dze. F. 


~ 


- 


Ice shown in Fig. 


Hypothetical Combinations 


Composition, 
Parts per Million 


Potassium Nitrate—KNOs ee chee Ren dhaiatabel creat ste gee 6 2.3 6.6 ans 
_ Potassium Chloride—KCl.......... Br aye tel So oetetone etsy eas 6.1 i lege g bees 
Sodiuhy Chioride—NacCl..5).%. fa .ci0 0:0 steraie ots Sue's ters je saws 1.8 252.0 94 
Sodium Sulphate—NacSOs. ..< ....< cow eles s wre wee = e alee yace vue 105.6 bats 703 
Ammonium Sulphate——-(NH,) 30. pee Choe aaron lore ste teem 19.7 90.0 Ses 
‘Ammonium Chloride—NHuCl..:.. 2c. nee sec en e < eee 45.0 75 
Magnesium Sulphate—MgSOg. ..........2. 0 eee eee eee Boilies 4.3 en 
Magnesium Chloride—MgCle.......... 0.00 eee ee ee eens oie 6.5 ich 
Calcium Sulphate—CaSOa.s lateters <co8 we caters elsters ey's wielsie lala 10.6 Lee 21 
Calcium: Chioride—CaCle. oi. oe cos arene ction cece ele scucte sie 24.6 5a 
fammima—AdsOs.,. Miho ersce.a erat eisnes sale TES wheat eae ee oer ba a 
Dilica—SiOa ys. 1.so. overs eas wadlomesess che Opingeme wbieeeree aie 14.1 40.7 12 
RLObal eM issOlved | Salts a1. -ro 0 -'e) cials/<cteenietounimtatsle’ ave) a\=fole te aioe 168.3 486.4 906 


application of the new style can to the production of transparent ice 
at 6 deg. F. from solutions of various salt concentrations. 


24. Discussion of Results —Results typical of a large number ob- 
tained are shown in Fig. 12, the composition of the solutions frozen 
being given in Table 6. The freezing cans used were similar to those 
described in Bulletin 219.* In the case of the solutions containing 
170 and 486 parts per million, a single core of one gallon was removed, 
while in the case of the solution containing 906 parts per million two 
cores were removed, one of 12 gallons followed by a second of one 
gallon. The total volume of air used for agitation and its distribution 
throughout the freezing process in each case is given in Table 7. 

The range of solution concentration investigated was sufficiently 
broad to indicate that ice of acceptable appearance can be produced 
at 6 deg. F’. from any water supply to be encountered in normal com- 
mercial operation. Although it is obvious from the data presented in 
Table 7 that the initial air requirements at 6 deg. F. are in excess of 
those under standard operation at 16 deg. F., the average requirement 
per ton of ice produced is actually less for solutions of the same con- 
centration (100-200 parts per million) and is only 24.6 per cent greater 
for concentrations as high as 900 parts per million. 


*Page 27. 
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(1) By means of effective air agitation transparent ice of 


marketable quality can be produced at 6 deg. F. from solutions i in s 


which the initial salt concentration is as much as 900 atts ne iS 


million. 
(2) The air rk eee for operation at 6 deg. F. are less — 


than those for operation at 16 deg. F. in the case of solutions con- _ 


taining up to 486 parts per million of dissolved salts and are only 
24.6 per cent greater in the case of solutions containing as much 
as 900 parts per million of dissolved salts. 


VII. Economic Aspects oF Low TEMPERATURE OPERATION 


26. General Statement—The marked reduction in freezing time 
made possible by optimum can submergence, effective brine velocity 
and low brine temperatures, coupled with the ability to produce 
transparent ice at the lower temperatures, presents attractive com- 
mercial possibilities when considered from the standpoint of produc- 
tion cost. At 6 deg. F. the 24-hr. freezing time resulting from the use 
of optimum submergence and velocity represents approximately a 
50-per-cent reduction over the 47.5- to 48-hr. freezing period required 
in average commercial practice at 16 deg. F. If the full effect of this 
reduction were utilized, plant capacity would be increased 100 per 
cent. However, before the production of a plant could be doubled, 
certain changes in its equipment would be necessary in order that 
sufficient refrigeration and auxiliary capacity would be available to 
handle the increased load imposed. Therefore, in order to determine 


the complete effectiveness of low temperature operation, the cost of * 


production for ice produced at 16 and 6 deg. F. was compared. Al- 
though the data presented were based upon operating conditions 
representing the average of a large number of commercial plants and 
price estimates confirmed by manufacturers of ice plant equipment, 
they should be regarded merely as indications of the results to be 
obtained in commercial application of the operation proposed, be- 
cause of the numerous variables existing between individual instal- 
lations. 


27. Effect of Operation at 6 Deg. F. upon Power Consumption — 
Since both the heat absorbed by the brine in freezing a ton of ice and 
the piston displacement per ton of refrigeration increase as the freez- 
ing temperature is decreased, the power consumed by a synchronous 


a ball < a 7 ot 
ie eee 
Shears tak co ew sta aalig MAD ride tac 
EAT REMOVED By Brine Per Ton or Ick Propucep at 
Bt is ’ 16 AND 6 Dera. 10% : ani 
> of can, 300-Ib. nil 

Veight of ice frozen per can, 312 Ib. (4 per cent excess weight) 

- Cans per ton of ice produced, a = 6.66 

Cores, one 1-gallon (8.34 Ib.) 


Original temperature of water, 70 deg. F. 
_ Freezing time, 16 deg. F.—47.5 hr. 


yo 
‘ . ta 


, 
See 


2 eee 


oe 


=)! _' 6 deg. F—24.0 hr. ath ic, 
rh Concentration of solution frozen, 168 parts per million ie 
Air requirements, 16 deg. F.—3.96 cu. ft. per min. per ton per day é ok 
6 deg. F.—3.86 cu. ft. per min. per ton per day i 
" 
Brine Temperature, -. 
deg. F. : 
i. 
16 6 
Heat removed in cooling 320.3 x 6.66 or 2133 lb. of water (including the 
core) from 70 to 32 deg. F. (Sp. heat of water = 1) (38 x 2133), B.t.u. 81 054 81 054 
) Heat removed in freezing 312 x 6.66 or 2078 Ib. of water at 32 deg. F. 
(COU EISS TEES Toe SSeS arg A ee ee ERG re een 299 232 299 232 
i. 
(3) Heat removed in cooling ice from 32 deg. F. to temperature of brine 
(Spneat 1ce)— 05)" [2078'x O:5'x (82 — 16), <6... 00s cee als occ s ss 16 624 
POISE Osos oie Deen iecels atest mye ooj- ‘27 O14 , 
(4) Heat leakage through insulation* (1.1 B.t.u. per Ib. ice) 2078 x 1.1..... 2 285 2 285 
(5) Heat removed by brine in dehumidification of air for agitationt....... 16 O71 15 670 
(6) Heat introduced into brine by agitatorst : 
. Harel nets epee eee rey, Seat evaniniiols Sifters slice oarsyal Win Wiaw dba elewie.ste le. 12 676 
Ree sean y | men trate Mea te ek apnea Shan kainate is icsteketal sia aio al acho saree > siecle. «0 6 442 
(7) Ten per cent allowance for non computable losses..............00005 42 794 43 169 
PROLHI—=Eseb-11. Per TOM OF ICO PFOCUCOG.c cc occ ccna wee a nelnsee asieeeseies 470 736 474 866 


*Based on Macintire’s data, ‘‘Handbook of Mechanical Refrigeration,’ Ist Ed., p. 414. Wiley. 
1928. Decreased freezing time at 6 deg. F. assumed to compensate for difference in temperature 
gradients existing at 16 and 6 deg. F. 
+Based on Macintire’s data, loc. cit.; see text for details of calculation. 
{Based on Macintire’s data, loc. cit.; decrease at 6 deg. F. assumed to be proportional to difference 
in freezing time between 16 and 6 deg. F. 


motor-driven ammonia compressor per ton of ice produced was calcu- 
lated for both 16 and 6 deg. F., assuming a 47.5-hr. freezing time at 
- 16 and a 24-hr. freezing time at 6 deg. F. 
-_ A comparison of the heat removed by the brine per ton of ice 
produced at 16 and 6 deg. F. is shown in Table 8. The water frozen 
in each 300-lb. can was assumed to be 312 lbs., the 4 per cent excess 
weight approximating commercial practice. The refill water for the 
one gallon core removed was assumed to be at the same temperature 
as the water originally placed in the cans, namely 70 deg. F. 

The values presented for the 16-deg. F. brine temperature follow 
the analysis made by Macintire* with the exception that the solution 


*Loc. cit., p. 414. 
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frozen was assumed to contain 168 parts per million of dissolved salts 
and to require 0.3 cu. ft. of air per 300-lb. can for agitation, ore 
5694 cu. ft. per ton of ice produced.* Assuming the outside air, 
at 90 deg. F. and 50-per-cent saturation, to be compressed to 30 lbs. 
per sq. in. and then cooled, first by water and finally by the brine, 
to 20 deg. F., the heat removed by the brine, according to Macintire,} . 
is 35 B.t.u. per lb. of air. The specific volume at standard conditions — 
of air 50-per-cent saturated is 12.4 cu. ft. per lb., and the weight of 2 
the 5694 cu. ft. required, 459 Ibs. The heat removed by the brine — 
is therefore 459 X 35, or 16 071 B.t.u. ; 

In determining the values for 6 deg. F. it was assumed that the : 
heat leakage through the insulation was the same as at 16 deg. F., 
the decreased freezing time compensating for the increased temper- 
ature gradient existing at the lower temperature; that the heat intro- | 
duced into the brine by the agitators was proportional to the freezing 
time; that the air required for agitation was 5175 cu. ft. per ton of — 
ice produced*; and that the air was cooled ‘as described to 10 deg. F. — 
The heat removed by the brine in dehumidifying the air at 6 deg. F. 
was increased over that required at 16 deg. F. by the amount required 
to cool the dry air from 20 to 10 deg. F. and to absorb the heat liber- 
ated in reducing the air from a humidity of 7.08 X 10~* at 16 deg. F. 
to 4.71 X 10-4 at 6 deg. F. The calculated values are given in 
Table 8. 

In determining the power requirements at the two operating brine 
temperatures under consideration, the following assumptions were 
made, in addition to those previously stated: (1) in both eases the 
cooling water supplied to the ammonia condensers was at 75 deg. F., 
allowing the temperature of the condensed refrigerant to be main- 
tained at 85 deg. F.; (2) the condenser pressure corresponded to the 
saturation value for ammonia at 85 deg. F., namely 166.4 lb. per 
sq. in. abs.; (3) with the 16 deg. F. brine the ammonia coils in the 
freezing tank were of the type previously standardized in the indus- 
try, the use of which resulted in a 6 deg. F. gradient between the 
boiling refrigerant and the brine, the refrigerant temperature being 
10 deg. F. and the corresponding suction pressure 38.5 lb. per sq. in. 
abs.; (4) with the 6 deg. F. brine the ammonia coils were of the mod- 
ern, super-flooded type, allowing a 2 deg. F. gradient between the 
boiling refrigerant and the brine, resulting in a suction temperature 
of 4 deg. F’. and a suction pressure of 33.47 Ib. per sq. in. abs.; (5) the 
ammonia compressor was electrically driven, the efficiency of the 


*See Table 7, Section 24, 
tLoe. cit., p. 415. 
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Fig. 13. Brake Horsepower REQUIRED By AMMONIA COMPRESSORS OPERATING 
AT 166 LB. PER SQ. IN. ABS. CONDENSER PRESSURE AND AT VARIOUS 
Suction PressurES—MAcINTIRE 


synchronous motor being 92 per cent; and (6) the brake horse power 
per ton of refrigeration was that given by Macintire* and reproduced 
in Fig. 13. On the basis of these considerations, the power require- 
ments at a brine temperature of 6 deg. F. are increased 2.21 kw.hrs., 
or 6.04 per cent, over those for operation at 16 deg. F., as indicated 


in Table 9. 


28. Effect of Operation at 6 Deg. F. upon Cost of Production.—In 
order that complete advantage may be taken of the increased capac- 
ity offered by a 50-per-cent reduction in freezing time certain addi- 
tions must be made in plant equipment, as stated in Section 26. 
Since the piston displacement required per ton of refrigeration in- 
creases from 3.6 to 4.2 cu. ft. per min. when the brine temperature is 
reduced from 16 to 6 deg. F. under the operating conditions previously 
assumed,{ the ammonia compressor capacity must be increased 136 
per cent. To obtain the 2 deg. F. temperature gradient between 
brine and boiling refrigerant assumed, the old type of coils must be 
replaced by more modern equipment. In addition to these items, the 

*Loc. cit, Fig. 31, p. 44. 


}For piston displacement o: 
Macintire, loc. cit., Fig. 29, p. 40. 


f ammonia compressors per ton of refrigeration per minute, see 
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7 TABLE 9 


} é 
iM ee or PowER ReQuirep By Syncpronous Mortor-DrivEN AMMONIA, aa 
, tr Compressor IN Propuction or 1 Ton or Icr at BRINE 7 
my TEMPERATURES OF 16 AND 6 Dza. F. . V3 
ae < a . Brine Temperature 
ce ; : deg. F. j & 
i “ 
ve 16 6 : 
+ 
. Conditions: 
re Condenser temperature, deg. F....... sheets 85 85 
I Ps Condenser pressure, lb. per sq. in. abs. 166.4 166.4 
a Suction temperature: pees ee: ee A 10 Py 
—-2) deg. F... Suis F 
7 Suction pressure: Ib: per-sq. IN. ADSe. 2 5 oles core sls owing gos ve = see eae 38.5 33.47 
z Brake horse power per ton of refrigeration*...........-.20-0-eeeeeeee 1.15 1.21 y 
of BYeering tine. WE. cc acne as Wats «2 sce tie ar aaa ap ae seeaad Se aie bowls 47.5 24.0 
a! oa Total heat removed by brine, B.t.u. per ton of ice produced............-. 470 736 474 866 
B ta, per hes, ~ hace sisiace aca ete ioaaeds 9 910 19 786 
A F F . 9910 : 
Refrigeration rate, tons of refrigeration, Too 0.826 
” : 19786 a 
T2000 = 22 oes swe cee ee ce decease 1.649 § 
f Rate of power input at compressor, b. h. p. (0.826 x 1.15*) .............-. 0.950 
CEOS OSS LDS Fine ace silo ei ee 1.995 
Rate of power input at 92-per-cent-efficient synchronous motor-driven com- a 
DLOSBOL, De Dy. Date coe t eatieb nee Gini be wee ecise eenayee sitet le Sato eyes iene 1.033 2.168 
Overall power demand for refrigeration per ton of ice produced, kw. hr. : 
MUO88 Se4 Tbr OL TAO) ei. astestee ae ele lc hice oie w Geeta epee: Sete S/O aie 36.59 
(2H GR ae 24s = OFT 487 ieee cscs tara raveters svallensderern aucaye eG iG, iivrals atomicsheds sie 38.80 
*See Fig. 13. ' 
. * * . . *. . - a 
increased refrigeration tonnage, air requirements for agitation, and a 
demand for treated water, impose the necessity of added capacity in a 
ammonia and air compressors, dehumidifiers, cooling towers, and ng 
water-treating equipment, and the improved type of freezing can . 
developed during the investigation, or its equivalent, must be used. ; 
In determining the effect of such considerations upon the cost of 


production the cost distribution has been analyzed solely from the ~ 
standpoint of the percentage deviation from standard operation at 
16 deg. F. imposed by operation at 6 deg. F. The plant to be con- 
sidered was assumed to have a daily capacity of 125 tons of ice per 

day when operated at 16 deg. F., 10 000 tons storage, and to produce 

25 000 tons of ice per year. 

The cost distribution of the added equipment required to increase 
the daily production to 250 tons of ice, expressed as percentages of the 
total plant cost at 16 deg. F., is shown in Table 10 to increase the 
investment charge 17.5 per cent. The estimated cost of equipment 
was based on manufacturers’ quotations and includes freight and 
erection. Although intended to serve merely as a basis for compari- 
son, it is based upon data considered to be reasonably reliable. 
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The production cost distribution for operation at 16 deg. F. was 
based upon data presented by Whyte;* the only item in which any 
change occurs is that referring to power. It was assumed that 
55 kw. hrs. per ton of ice produced represented a value approximating 

average operation, the difference between this total of 55 and the 
36.6 required for refrigeration according to Table 9, or 18.4 kw. hrs. 

per ton, being distributed to the various plant auxiliaries, including 
power for air compression. 

Comparison of the cost distribution at 16 and 6 deg. F. is shown in 
Table 11. In estimating the cost distribution at 6 deg. F. the general 
expense item, representing 14 per cent of the total plant cost dis- 
H tributed over the 50 000 tons of ice produced per year, includes the 

17.5 per cent increase indicated in Table 10. The power required by 

the auxiliaries was assumed to be the same at the two brine tempera- 

tures under consideration, although in the case of solutions containing 
under 500 parts per million the power required at 6 deg. I’. for air 
agitation is actually less than that required at 16 deg. F., as indicated 
in Table 7. In addition, labor and maintenance charges were in- 
creased on the basis of increased capacity and equipment. 

A similar comparison of production cost has been made assuming 

a plant having 50 tons of ice daily capacity and 100 tons storage 

when operated at 16 deg. F. to be remodeled for operation at 6 deg. F. 
Analysis of this case has been included since a plant of this capacity 
is possibly more representative of the average installation than the 


former. 
*Whyte, H. T., Ice and Refrigeration, 67, 452 (1924). 
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Comparison or Cost DisTRIBUTION FOR OPERATION AT 16 AND 6 Duc. F. 


— = ra 
Brine Temperature, 


[ Conditions: 
#] p Freezing time, hr...... ty sonmeno neocon Nac Gaur euner temo arn se 47.5 24 
Daily capacity, tons of ice........ Get eens cme ne anid sos eine ng caemanienne cies 125 250 
: 4 Yearly production, tons Of 1c@2 fife. 06 nee ene Succ vane sic onisie wie wie sles 25000 50000 
‘ao Gorn COMSIOR 1COss/oice aaisizveeie ele. cWole oeie wicy= sjots ara'y « alelatelotols (oats, eieleatebeiair 10000 10000 
a Can ratio, cans per ton of ice produced per 24 hr...........-..--+2++--- 15 4 6.66 
Neier Ol canst Treesing C&M Kase ..5-5 s.54 once o,<e vss alow chee, 29 lp iolala Iginla oieiel « 1650 1650 
Production cost distribution—Per cent of total cost per ton at 16 deg. F. per cent | per cent 
(1) General expense*...............55.: 3 Been ae 50.0 29.7 
(2) Plant labor....... as 4.5 222 
(3) Tank room labor......... Sac Se er Te ea 4.5 4.5t 
(4) Day storage room labor............. Aree a eialsssves ee Shererstepeahe oeolaes aN Tons aez o.2T 
(5) Power 
Ammonia compressor, 36.6 kw.hr. per ton...........-.-....--e008- 11.9 
Auxiliaries, LSA woes per bon. > hs caecme ceie ses Oa eens o 5.8 
Ammonia compressor, 38.8 kw.hr. per ton...........--2+2--ee seers 12.6 
Auxiliaries, 18:4 low hes par tomes] ose usta cc cutee bearers 5.8 
‘ (Gee Altai Oral sac saree reas cn osteo Miceretip iar ee Sie Ce Otis (eves ee ose APA hel i Recreate 1.6 1.6 
(7) AWater and’ other supplies... 2. 62... 6 cose cease fay sisis <lars sites as 1.6 1.6 
(8) Salary of portion of crew during winter shut-down period............. 2.8 1.3 
(QO) Wanter storage room Tabor. .,./.. <<< <1-\..0 seine. os 2)cle ss smietee ee elk ates 5.2 2.6 
ae Whinter'storage room refrigeration. ...cs-.22 eee vac oneness dens alee 3.9 1.9 
GARD aT GST IOS S15 nsdn. 28s owns bo wieta pais seta keyereve areas ce ishacal pie hy ohare 6, ee eemene ete 4.8 2.65 
POUAL Ratan bh c0hs.5 Gn he See elas ae eaters Saas uke Grae Seer ee 100.0 69.6 


*Including insurance, taxes, depreciation, and interest on investment—14 per cent of total cost. 
}+Labor cost doubled over that at 16 deg. F. to handle extra ice produced. 


{Based on increased maintenance charge proportional to cost of extra equipment added for 
operation at 6 deg. F. 


The original plant cost, including land, building, storage and 
equipment, and production cost distribution for operation at 16 
deg. F., was based on data representing the average of a number of 
actual installations. In reconditioning the plant for operation at 
6 deg. F. conditions similar to those in the previous case were as- 
sumed, with the exception that the storage capacity was increased to — 
200 tons of ice per day. The changes required in this case were 
assumed to increase the total plant cost 36.7 per cent. On the basis 
of these considerations, the comparison of cost distribution for opera- 
tion at 16 and 6 deg. F., expressed as percentages of the total cost 
of production at 16 deg. F., is shown in Table 12. 


29. Conclusions. — 


(1) Decreasing the brine temperature from 16 to 6 deg. F., and 
assuming the freezing time to be reduced from 47.5 to 24 hrs. by 
such procedure, has been shown to increase the power required for 


refrigeration from 36.6 to 38.8 kw. hrs. per ton of ice produced, 
or 6 per cent. 
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ION OF I¢ NE TEMPERATURES 
on ae TABLE 12 {> 
a+ ~ = 
Comparison or Cost DisTriBuTion For OPERATION AT 16 AND 6 Dua. F. ey 
€ baat ey 
[aa . P i ' . 
Brine Temperature, é 
. deg. F. 
x | 
16 6 
eae = 
PE MUNESUIING WEN nee tere deta ciera rate hers rani p kses GIk-chalishotsyalavaaiete Sins: aesrwietouex 
PRUE GOS SCS Cath a Ca ale ete aie iN ile asia er 700 
Yearly production—45 per cent load factor... ............cc cece eeeeuee 7850 15700 
RORAM A DONALD MECE Cre aie Piette tin oresa sisiseatoanie Ge. stints «hee sales anes 100 200 
Can ratio, cans per ton of ice produced per 24 hrs..........000eeeeceeeee 13.2 6.66 
fotal number or cans in freezing tank. .....0....cce.cs0csecss cecucsose 660 660 
Production cost distribution—Per cent of total cost per ton at 16 deg. F. per cent | per cent 
GD. LRITERTA Les Sor eTeh Sahel, SE yd A ng Ns a 49.3 33.6 
Wal) ILC OO sa as oO 3g BERR AE Ea tee OR aeRU Te ale eam rie een 21.0 13.3f 
(Gd). ZAR ATES © Cae pict Or cic soe CSE IE go ee Re ne 0.8 0.8 
FAD MNMAG OE Sey GTC OMG Aa hetl cha Nase veieoic.c 6s cole ene wile cicieievs. ore kis, aveve woace 6.8 6.8 
(Oye vinimtenan carer. cease Sisk eeleais.s Sa aisins sletnatnarsalin s ces a biary 5.9 4.4t 
(6) Power ; 
Ammonia compressor 36.6 kw.hr. per ton.............-eeeeeeeeees 10.9 
Auxiliaries NS Swe te. FOL PONG scr. si ss alee tase lene atenele cere ole 5.3 
Ammonia compressor 38.8 kw.hr. per ton... ......... ec eeeeeeeeees Ui be dss 
Auxiliaries ee ey MC CT WOU sce a5 ci 0 Ao silane, ashes parecer eee 5.3 
POE aE ae PE tee torte Ostet ae Men lofeis cate pe Seow Rik'le, Creve sean wis wre, 6erauete 3 100.0 TO 


*Including insurance, taxes, depreciation and interest on investment—14 per cent of total cost. 

fincludes added labor required to handle increased ice capacity. 

{Based on increased maintenance charge proportional to cost of extra equipment added for 
operation at 6 deg. F. . 


ari 


i (2) Although such reduction in brine temperature necessitates 

the installation of additional equipment in order that the full 
has been shown to reduce the cost of production from 24 to 30 
per cent. 


VIII. PREVENTION OF CRACKING AT LOW 


| effect of the reduced freezing time may be utilized, its application 
: 
: BRINE TEMPERATURES 


30. General Discussion.—Aside from increasing the formation of 
opaque ice, as described in Chapter VI, the use of low brine tempera- 
tures imposes an additional difficulty which heretofore has also been a 
factor limiting their general application. As the brine temperature is 
decreased, the frozen blocks of ice exhibit an increased tendency to 
crack or shatter on being removed from the freezing cans. The 
practice commonly employed in harvesting the ice from the freezing 
tank consists of allowing the cans to temper in the air for a period 
ranging from 10 to 60 min. following their removal from the brine, 
and then dipping the cans in water maintained at from 60 to 80 deg. F. 
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In this process a sufficient layer of ice is melted at the sides of the can _ 


to allow the frozen blocks to be removed when the cans are inclined. 
Throughout this procedure the frozen blocks are subjected to sudden 
and comparatively extreme changes in temperature with the result 


that failure occurs when the internal strains thus developed become © 


excessive. 

The effect of this condition upon commercial operation is of pos- 
sibly greater significance than would be anticipated. The difficulty 
arises from two sources. Upon removal from the freezing tank a 
portion of the ice is generally stored. In storage the blocks pass 
through a number of operations largely conducted manually. The 
dangers to which workmen are exposed in handling imperfect blocks 
have been considered sufficiently great to warrant the enforcement of 
safety codes in many localities which limit the percentage of cracked 
cakes that may be produced. The second factor arises from the al- 
most universal practice of marketing ice to the retail trade on a di- 
mensional basis, the relation between size and’weight being fixed by 
grooves cut into the blocks by standardized scoring machines. The 
operation of this equipment is such that the use of blocks containing 
even incipient cracks may result in break-downs involving expensive 
repairs. The general effect of these factors has been to limit the 
allowable number of cracked blocks to 2 or 3 per cent of the total 
cakes produced, even in those cases where the product is used solely 
for the refrigeration of cars used in the shipment of perishable foods. 
Although in an individual plant the extent to which these factors 
limit the temperature of the brine depends largely upon the quality 
of water available for use in the freezing process and the operating 
conditions, a survey made prior to the present investigation indicated 
that commercial operation was in general limited to temperatures 
above 11 deg. F. 

The occurrence of cracking has been attributed to many different 
causes. Ormsby* concludes that cracking results from strains de- 
veloped by unequal expansion of the ice itself, due in turn to the 
temperature gradients existing within the frozen block, and to the 
difference between the expansion of the frozen block and the metal 
walls of the freezing can. Macintire,t on the other hand, states that 
the principal cause of cracking is the presence of bicarbonate ions in 
the water being frozen, which cause an internal stress during the 
freezing process similar to shrinkage strains in cast iron. According 


to Behrman,f{ the chemical composition of the water being frozen, 
*Ormsby, E., Ice and Refrigeration, 66, 33 (1924), 70, 17 (1926). 


tMacintire, H. J., Ice and Refrigeration, 63, 287 (1925). 
}Behrman, A. S., Ind. Eng. Chem., 13, 237 (1921), Refrigeration, 38, 56 (1926). 
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aining dissolved salts, and that conversion of carbonate and 
‘bicarbonate salts to the corresponding sulphates by means of alum is 
often an effective treatment. Irwin and Puffet* observed that am- 
‘monium alum, when used as a coagulent in water treatment, possessed 
_ the ability to affect the mechanical properties of ice produced from 
the treated solution, and concluded that the effect was due to the 
introduction of ammonium salts, which increased the solubility of 
calcium and magnesium carbonates and calcium sulphate, and thus 
prevented precipitation of insoluble material within the i ice, a condition 
which they assumed to be effective in occasioning cracking. In addi- 
tion, Ehrenfeld and Gibbs} state that ‘‘the salts in the water, bulged 
cans, uneven brine circulation, brine temperature too low, insufficient 
length of tempering time, too warm dip water, dip water not warm 
enough, all have been accused of being the cause for cracked ice,” 
and that ‘‘probably all of these elements exert a certain influence on 
the cracking of ice.” 

According to Gibbs,f the following represents a summary of con- 
clusions drawn from practical experience regarding the water used 
for the production of ice at brine temperatures below 15 deg. F. 

(1) Solutions containing soluble carbonates produce cracked ice. 

(2) Solutions softened with lime to such a degree that the treated 
water is alkaline will produce cracked ice, whereas very frequently 
the unsoftened water is unlikely to do so. 

(3) In many instances the addition of alum (usually ammonium 
alum) increases the ice-cracking tendency. 

(4) Addition of sodium aluminate frequently increases the ice- 
cracking tendency. 

(5) Addition of ammonium chloride reduces the ice-cracking 
tendency. 

(6) The neutralization of lime-treated water, wherein existing 
carbonates and bicarbonates are converted to sulphate by the addi- 
tion of proper amounts of aluminum sulphate, reduces the cracking 
tendency. 

“Brom this general information, various theories as to the cause of 
ice-cracking have been advanced. None of them so far are generally 
amenable to results obtained in practice.’ Gibbs states, however, 


*Irwin, J. C., Jr.; and Puffet, D. H.; Ice and Refrigeration, 71, 221 (1926). 


Loe. cit., "85. 
at R. = Ice ape Refrigeration, 83, 433 (1932). 


q Gibbs, R. BE, loc. cit 
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shows less tendency to cracking than ice made from solutions ar 


TAD aa Ty ee a © TF et eg ee re 


46 ILLINOIS ENGINEERING EXPERIMENT STATION 


that distinct correlation apparently exists between the pH of the 
water being frozen and the cracking tendency, and has proposed a 
tentative relation between the range of pH, wherein the cracking 
tendency is a minimum, and the temperature of the brine. At 16 
deg. F. this zone extends from approximately 5.5 to 8.5, while at 
6 deg. F. the range narrows to 7.0 + 0.1 or 0.2. Although Gibbs 
expresses the opinion that each water may possess an optimum pH at 
which it can be frozen with the least difficulty, depending upon the 
combination of its dissolved constituents, he assumes that the devi- 
ation from the proposed limits will not be great. Furthermore, he 
concludes that the numerous theories previously advanced may be 
correlated on the basis of pH control. The presence of carbonates 
and bicarbonates may be considered to increase cracking by influenc- 
ing the pH. Although items (3) and (6) in the previous summary 
appear contradictory, they are explained by the fact that in neutrali- 
zation with aluminum sulphate the optimum pH is that yielding the 
minimum residual concentration of aluminum hydroxide, namely 
6.4 to 6.5; in practical cases, however, where cracking was produced 
by the use of alum it is definitely known that over-treatment resulted 
in a residual pH considerably lower than the optimum value. Since 
sodium aluminate is itself highly alkaline, cracking occasioned by its 
use in treatment of the water frozen may be attributed to the develop- 
ment of a relatively high pH. Finally, any beneficial effect exerted 
by the presence of ammonium chloride may result from neutralization 
produced by the hydrolysis of the salt. Considerable doubt is ex- 
pressed that its effectiveness is due to any increased solubility af- 
forded relatively insoluble compounds in the treated water. 

In view of the fact that Gibbs had not extended his actual obser- 
vations to brine temperatures as low as 6 deg. F., prevention of crack- 
ing at this temperature by means of pH control was undertaken. 


31. Method of Conducting Tests and Experimental Results—The 
local water supply, analysis of which is shown in Table 13, column 1, 
being fairly representative of solutions used in average commercial 
operation, was chosen as the basis for the investigation. Following 
lime softening,* wherein the pH is increased to 10.0 to 11.0, the salt 
concentration is materially reduced, as indicated in Table 13, 
column 2. When this solution is neutralized to a pH of 7.0 with 
aluminum sulphate or sulphuric acid, its composition is that given in 
Table 13, column 3. A lime-softened solution comparable to that 
indicated in Table 13, column 2, was available at one of the local ice 


a ms discussion of the conditions resulting in effective lime softening, see Bulletin 219, Appen- 
ix D, p. 89. 


; 
A 


as 


: ia he —" . 
a an on ms “2 a> =a a4 7 om : 
PRODUCTION OF ICE AT LOW BRINE TEMPERATURES 


ae 


ie rr ath 

aro Ss) =o 
Pet. ;  : 

- plants. A quantity sufficient for the work was obtained and neutral- ms. 

“ized to a pH of 7.0 with sulphuric acid at the experimental plant. | 


_ The pH was determined both by the isohydric-indicator method pro- 

_ posed by Acree and Fawcett* and by an indicator of the colorimetric 

_ type, the two methods agreeing to within +0.1 pH. 

| The resulting solution was then frozen at 6 deg. F. in cans, of the 
design developed during a previous investigation, under the condi- 
tions noted in Table 14. When 15 to 20 cc. of water remained 
unfrozen, the cans were removed from the brine and allowed to tem- 
per in the air for 1 hr. During this period the air temperature 
averaged 85 deg. F. and all doors and windows in the plant were closed 
to prevent excessive air circulation. The cans were then dipped in 
water maintained at approximately 60 deg. F., and the blocks of ice 
were removed from the cans in a manner comparable to that em- 
ployed in commercial operation. In the case of twenty-two cakes 
frozen, cracking occurred in seventeen samples, as shown in Table 14, 
test No. 1. At this point it should be stated that throughout the 
entire investigation cracking was considered to have occurred when a 
frozen block either exhibited or developed a crack of any discernable 
size, whether or not it extended to the surface of the cake. This 
classification was more rigid than that used in commercial practice, - 
but obviated the factor of personal judgment, and possessed the 
distinct advantage of uniformity. 

‘Since these results deviated widely from the conclusions advanced 
by Gibbs,t the investigation was extended to the use of synthetic 
solutions. These were prepared to have compositions comparable to 
the lime-softened local supply by dissolving appropriate salts in 
distilled water. The composition of the synthetic solution following 
its neutralization with sulphuric acid to a pH of 7 is shown in Table 
13, column 5. Upon freezing the neutralized solutions under condi- 
tions strictly comparable to those used in the previous test, no cracked 
blocks resulted in the case of twelve consecutive samples, as indicated 
in Table 14, test No. 2. 

This significant difference in behavior exhibited by different lots of 
ice frozen from solutions which were presumably identical in compo- 
sition presented a problem. Complete analysis finally indicated, 
however, that the ammonium ion concentration of the synthetic 
samples was approximately twice that existing in the solution ob- 
tained from the local ice plant. This resulted from the fact that the 
distilled water used in preparing all synthetic samples was condensed 

*Acree, S. F., and Faweett, E. H., Ind. Eng. Chem., Anal. Ed., 2, 78, (1930). 


Fawcett, E. H., and Acree, S. F., J. Bact., 17, 171 (1929). 
tLoe. cit. 
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Brine temperature, 6 deg. F. " Te tel 

Average temperature of water to freezing cans, 70 deg. F. 

Core removed, one 1-gallon ) 

Average temperature of core refill water, 70 deg. F. 

Freezing time, 24 hr. : 

Freezing cans, new style (see Bulletin 219, pp. 27, 29) 

Air for agitation, 2.0 cu. ft. per min., 1 hr. 

0.4 cu. ft. per min., 23 hr. 

Cans removed from brine when 15-20 ce. of 
air temper 1 hr. before dipping 

Average temperature of dipping water, 60 deg. F. 

Average air temperature during tempering period, 85 deg. F. 


water remained unfrozen, and allowe 


All doors and windows closed during air tempering to prevent air circulation. 


= Final Ammonium 
Ion Concentration Final 
Original | Ammo- | Ammo- [NHa*] in Water Salt Final “ 
Composi- nium nium Frozen Concen- | pH of | No. of | No. of 
Test tion of Sulphate | Chloride tration of | Solu- |Samples} Cakes — 
No. | Solution, | Added, | Added, Water tion Cracked 
Table 13, | p.p.m. p.p.m. Calcu- Deter- Frozen, | Frozen : a 
column lated mined p-p.m. 
; p.p.m. p.p.m. 
1 (3) 0 0 2.0 2.0 155.3 7.0 22 ive 
2 5) 0 0 4.4 4.4 169.1 7.0 12 0.AR 
3 {3 j 19.6 0 ies 7.2 - 174.9 1.0 12 0.509 
4 (6) 0 0 2.0 2.3 15.8 7.0 6 0 
5 (4) 0 0 4.4 4.4 169.1 10.3 2 2 
6 3 15.0 0 8.4 9.5 184.0 10.3 oe 1 
7¢ 4) 30.0 0 12.6 12.8 199.1 10.3 6 2 
8 4) 45.0 0 16.6 12.8 204.1 10.3 2 2 
9 4) 60.0 0 20.75 15.5 229.1 10.3 6 0 
10 5) 0 0 4.4 Gat 169.1 5.6 6 0 
11 2 0 0 4.4 6.7 139.2 5.6 2 1 
12 (7 15.0 0 8.4 7.7 154.2 5.6 2 1 
13 (7) 30.0 0 12.5 wake 169.2 5.6 2 2 
14 2 45.0 0 16.6 Beare 184.2 5.6 2 2 
15 (i) 30.0 0 12.5 15.8 169.2 7.0 2 ik 
16 (7) 45.0 0 16.6 16.6 184.2 7.0 8 3 
17 (7) 60.0 0 20.7 26.6 199.2 7.0 2 1 
18 (8) 45.0 0 16.6 23.0 196.3 140 6 0 
19 (9) 45.0 0 16.6 24.3 77.5 7.0 2 2 
20 (9) 60.0 0 20.7 25.1 192.5 7.0 2 1 
21 Hae 75.0 0 24.8 29.3 207.0 7.0 2 va 
22 9) 90.0 0 28.9 33.0 222.0 7.0 2 2 
23 (11) 45.0 0 16.6 28.4 517.7 LHA0) 6 0 
24 (11) 90.0 0 28.9 39.2 562.7 {GU 2 2 
25 (12) 60.0 0 20.7 30.4 460.4 7.0 4 2 
26 (12) 75.0 0 24.8 37.0 475.4 7.0 2 iJ a 
27 (12) 90.0 0 28.9 42.2 490.4 7.0 2 2 ~ 
28 (12) 105.0 0 33.0 46.0 505.4 7.0 2 Pe 
29 (13) 45.0 0 16.6 29.3 481.1 i 8 ) 2 2 


Conditions: Similar to 1 to 29 inclusive above, except that cans annealed 1 
brine as described in text. 


hr. after removal from 


30 (12) 60.0 0 20.7 : 460.4 
31 (12) 90.0 0 28.9 5 490.4 
32 (12) 105,0 . O 33.0 oie 505.4 


NaN 
ooo 
Omb 
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Conditions: Similar to 30 to 32 inclusive above, with the following exceptions: 
Cores removed, one 12-gallon 
one 1-gallon 
Temperature of core refill water, 36 deg. F. 


Air for agitation, 3.0 cu. ft. per min., 1 hr.; 1.5 cu. ft. per min., 3 hr.; 0.5 cu. ft. per 


min., 20 hr, 
Cans not removed from brine until cakes completely frozen 
Annealing period, 2 hr. 


33 | (14) 


0 | 75 | 25.2 | | 916.0 | 
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from the University high-pressure steam system. At the power plant 
the local water is lime-softened before being used in the boilers. 
Originally containing 5.3 parts per million of ammonium carbonate, 


as indicated in Table 13, column 2, and possessing a pH of approxi- 


mately 10, the boiler water loses practically all of its ammonia by 
distillation, the ammonia being finally condensed with the steam as 
ammonium bicarbonate. Therefore the synthetic samples contained 
an ammonium ion concentration corresponding to that originally 
present in the local water plus an equal amount added in their prep- 
aration. The ammonium ion concentration in both the local water 
and the neutralized lime-treated solutions obtained from the local 
ice plant was determined* to be 2.0 parts per million; that in the dis- 
tilled water, 2.0 to 2.7 parts per million; while that in the synthetic 
samples was 4.4 parts per million. Although the difference of 2.4 
parts per million in ammonium ion concentration was not anticipated 
to be sufficient to account for the decrease in cracking observed, a 
series of determinations was undertaken wherein the ammonium ion 
concentration in the solution from the local ice plant was increased by 
the addition of ammonium sulphate. In this case no cracking oc- 
curred in twelve consecutive samples, as indicated in Table 14, test 
No. 3, whereas without the addition of ammonium salt cracking had 
resulted in 77.5 per cent of the samples frozen. 

On the basis of these results it became apparent that the concen- 
tration of ammonium salt present in the water frozen was a factor of 
limiting importance. In approximately one-half of the samples 
frozen in test No. 2, Table 14, all carbonates and bicarbonates were 
completely decomposed by neutralizing first to a pH of 4.2 with sul- 
phuric acid, and finally adjusting the pH to 7.0 with sodium hydrox- 
ide. Under these conditions practically all dissolved carbon dioxide 
(expressed as CO.) was removed, and the bicarbonate ion concentra- 
tion (HCO) was reduced to 2.9 parts per million. When the lime- 
treated solutions were merely neutralized from a pH of 10.3 to 7.0 
with acid, the concentrations of bicarbonate ion and dissolved carbon 
dioxide were respectively 8.6 and 3.0 parts per million. Since no 
cracking resulted in either case it may be assumed either that the 
presence of bicarbonate ion is not effective in producing cracking, as 
stated by Macintiret and Behrman,t or that, if effective, it is counter- 
acted by the introduction of ammonium ions. Furthermore, the con- 


inati i i i State Water Survey 

*AJl determinations of ammonium ion concentration were made by the iS) I; 

according to their standardized procedure, which consists of distillation in the presence of excess alkali, 
Nestlerization of the distillate, and comparison against standard color solutions. 


tLoe. cit. 
}Loe. cit. 
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clusion advanced by Irwin and Puffet* to explain the effectiveness of | 
ammonium salts is no longer tenable in view of the results obtained, © 
since no insoluble compounds of calcium and magnesium remained in ~ 


the solutions frozen following the type of neutralization employed. 


Finally, since cracking occurred in-solutions carefully neutralized to a _ 
pH of 7.0 and was prevented when the ammonium ion concentration ; 


was sufficiently increased, the desirability of further investigation 
relative to the significance of Gibbs’ conclusion, wherein control of 
the pH is considered a limiting factor, was indicated. 
Consequently, synthetic solutions corresponding in compoettiiin 
to the lime-treated local water, as indicated in Table 13, column 4, 
and having a pH of 10.3, were frozen under conditions comparable to 
those previously employed. The variable investigated was the am- 
monium ion concentration required to prevent cracking, this factor 
being controlled by the addition of ammonium sulphate to the solu- 
tions prior to the adjustment of the pH to 10.3 with sodium hydrox- 
ide. The results obtained are given in Table 14, tests Nos. 5 to 9. 
The procedure adopted in these and all subsequent experimental 
tests was the following. Two samples of identical composition were 
frozen each day. If cracking occurred in either sample the amount of 
ammonium sulphate added was increased 15 parts per million until 
cracking was prevented in six consecutive samples. Although it was 
fully appreciated that data from only six samples did not afford .a 


sufficient basis upon which to formulate generalized recommendations © 


for commercial operation, the results obtained in this manner were 
considered sufficient to indicate the relative nature of the factors 
underlying effective treatment of solutions to be used in the freezing 
process. 


The data obtained in tests 5 to 9, Table 14, indicated, therefore, « 


that by proper control of the ammonium ion concentration cracking” 
could be prevented in solutions containing dissolved salts to the 
extent of 229 parts per million, and in which a pH of 10.3 resulted 
from carbonate and hydroxyl ion concentrations of 32.8 and 15.2 
parts per million respectively. The 15 to 20 parts per million of 
ammonium ion required under these conditions, compared with the 
4.4 parts per million at a pH of 7.0, indicated the effective concentra- 
tion of ammonium ion to be a direct function of the pH for values 
above 7.0. 

In order to determine the effect of reducing the pH below 7.0, the 
synthetic lime-treated local water was neutralized to a pH of 5.6 ae 
sulphuric acid, the resulting composition being that given in Table 13, 


*Loe. cit. 
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~ 


~ column 5, and was Tigh frozen under conditions comparable to those 


Pecatnty used. The results obtained, shown in Table 14, test No. 
10, indicated that no increase in ammonium ion concentration over 


that found to be sufficient at a pH of 7.0 was required at one of 5.6. 
_ When, however, the solution was neutralized to a pH of 5.6 with 


—_—_— — 


hydrochloric acid and possessed the composition indicated in Table 
13, column 7, cracking was not prevented when the ammonium ion 
concentration was increased to 16.6 parts per million, as indicated in 
Table 14, tests 11 to 14. Furthermore, this condition persisted when 
the neutralization with hydrochloric acid was only carried to a pH 
of 7.0 and the ammonium ion concentration was increased to 26.6 
parts per million, as indicated in Table 14, tests 15 to 17. 

The discrepancy between results obtained from solutions neutral- 
ized with sulphuric and hydrochloric acids, respectively, introduced 
the conclusion, substantiated in all subsequent tests, that the presence 
of chloride ion in the water frozen was extremely effective in produc- 


ing cracking. Unlike the increased cracking occasioned by high 


alkalinity, resulting either from the presence of carbonate or hydroxyl 
ions, that occasioned by chlorides presented a distinct problem. The 
condition occasioned by alkaline solutions may be markedly improved 
by neutralization with sulphuric acid, as previously indicated. In 
the case of solutions originally possessing excessive concentrations of 
chloride ion, the difficulty cannot be similarly overcome, and the 
development of additional procedure was required to reduce the 
cracking tendency. 

The effect resulting from the presence of chloride ions was studied 
further by neutralizing the synthetic lime-treated local water solu- 
tions to a pH of 7 with both 50-50 and 75-25 mixtures of hydrochloric 
and sulphuric acids. The resulting compositions of the solutions are 
indicated in Table 13, columns 8 and 9 respectively, and the results 
obtained, in Table 14, tests 18 and 19 to 22. In the former case the 
ratio of sulphate to chloride ions resulting from neutralization, 


48 


8 ae ; 
— or 1.2, was increased to or 2.0 by the addition of sufficient 


ammonium sulphate to prevent cracking. In the latter case, how- 
ever, cracking was not prevented when the ratio following neutrali- 


5 t 
zation, BAF, or 0.5, was increased to or 1.8 by the addition of 


ammonium sulphate to the point where the final concentration of 
ammonium ion was 33.0 parts per million. 

Although these results appear contradictory, it should be noted 
that a distinct difference in total salt concentration resulted as the 
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sulphate 
chloride 
ammonium sulphate required to prevent cracking, the concentrations 
in tests Nos. 18 and 22 finally differing by 26 parts per million. 
This observation led to the conclusion that the total salt concentra- 
tion, as well as the composition of the solutions being frozen, exerted a 
decided influence upon the cracking tendency, the tendency increas- 
ing with the concentration and in turn requiring higher concentra- 
tions of ammonium ion. This was confirmed by the results obtained 
when the distilled water produced at the experimental plant, in which 
the ammonium ion and total salt concentrations were 2.0 and 15.8 
parts per million respectively,* produced six consecutive samples in 
which no cracking occurred, whereas in the case of solutions contain- 
ing 155 parts per million cracking persisted until the concentration 
of ammonium ion was increased to 4.4 parts per million. 

In order to determine the conditions required to prevent cracking 
in solutions of higher salt concentration, a synthetic solution was pre- 
pared in which the composition was similar to that previously used 
(see column 4, Table 13) with the exception that the salt concentra- 
tion was approximately three times as great (see column 10, Table 
13). Neutralization with sulphuric acid to a pH of 7 resulted in a 
solution having the composition represented in column 11, Table 13, 
which produced six consecutive samples in which no cracking occurred 
when sufficient ammonium sulphate was added to increase the am- 
monium ion concentration to 28.3 parts per million, as indicated in 
Table 14, test No. 23. When, however, the ammonium ion concen- 
tration was increased to 39.2 parts per million, cracking occurred in 
two consecutive samples (test No. 24, Table 14), indicating that as 
the ammonium ion concentration is increased by the addition of.” 
ammonium salt the cracking tendency finally becomes so great as the 
result of salt concentration that the presence of ammonium ion is no 
longer effective. Prevention of cracking by the presence of ammo- 
nium salts alone is therefore limited by the total concentration of 
salts in the solution being frozen. This was substantiated by the 
observation that no cracking occurred in ice frozen from solutions of 
the same type but containing 348 parts per million less dissolved salts 
when the ammonium ion concentration was 4.4 parts per million 
(test No. 2, Table 14) as compared with the 28.3 parts per million 
required in the case cited above. 

When the more concentrated stock solution was neutralized with 


ratio approached the same value, due to the additions of 


*For the analysis of the distilled water, see Table 13, column 6. 
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y both hydrochloric acid and a 50-50 mixture of hydrochloric and sul- 
phuric acids in place of sulphuric acid alone (the resulting composi- 
tions being those given in Table 13, columns 12 and 13), cracking 
persisted when, in the first case, the ammonium ion concentration 
was increased to 46.0 parts per million (tests Nos. 25 to 28, Table 14) 
and, in the second, to 29.3 parts per million (test No. 29, Table 14). 
These results confirmed those obtained with solutions of lower total 
concentration in which chloride salts predominated, lending addi- 
tional support to the conclusion that chloride ions were extremely 
effective in producing cracking. 

_It appeared to be established, therefore, that cracking could be 
prevented by the presence of ammonium ion in the solutions being 
frozen over the entire range of pH encountered in water treatment 
commonly used in the ice industry when the concentration of dis- 
solved salts was comparatively low, except in the case of solutions 
possessing a high ratio of chloride to sulphate; and that equally satis- 
factory results were obtainable with solutions in which the concen- 
tration of dissolved salts was as high as 472 parts per million when 
the ratio of chloride to sulphate was low and the pH was maintained 
at 7.0. 

No explanation of the effect exerted by the presence of either 
ammonium or chloride ions upon the cracking tendency has as yet 
been developed. It is apparently significant that as long as the ice 
produced remains transparent no salts present in the solution frozen 
accumulate appreciably in the solid phase. For example, analyses 
indicated that when a solution originally containing 154 parts per 
million of dissolved salts, including 28.2 parts per million of ammo- 
nium sulphate, was concentrated from 37.5 to 1 gal. the concentra- 
tions of ammonium sulphate and total solids in the ice produced were 
4.8 and 12.0 parts per million respectively. It would appear, there- 
fore, that the effect is limited to the environment under which the 
ice crystals are formed, an hypothesis previously advanced* to ac- 
count for the effect exerted by salts present in the solution frozen 
upon the formation of opaque ice. It is interesting to note that while 
small amounts of chlorides have been demonstrated{ to be effective 
in reducing the opacity which occurs in ice frozen from solutions 
containing comparatively large amounts of sulphates, the action is 
somewhat reversed with regard to cracking, the principal difference 
in the latter case being that sulphates are relatively ineffective in 
preventing the cracking which results from the presence of chlorides. 


*Bulletins 219 and 253. 
7Bulletin 253, p. 23. 


necessary by which cracking could be prevented when solutions con-_ 
taining excessive concentrations of both chlorides and total dissolved — 
salts were used in the freezing process. In this regard it appeared 


significant that cracking usually occurred during the air-tempering — 


period approximately twenty minutes after the cans had been re- 
moved from the brine, suggesting that conditions would be improved 
if the rate at which heat was absorbed by the ice could be reduced to 
the point where strains developed during the freezing process were 
effectively relieved. 


In order that the use of low oat temperatures might be extended 4 
to all types of solutions encountered in the ice industry, the results _ 
previously presented indicated that some additional procedure was: 


wy 


An attempt was therefore made to control the heating rate by = 


covering the cans on the top, sides and bottom with a layer of com- 
mercial 0.5 in. hairfelt as soon as they were removed from the brine. 
Although such procedure is obviously impractical on any commercial 
scale, similar conditions should be readily duplicated by either lower- 
ing an insulated hood over the cans upon their removal from the 
brine or arranging for their storage in an insulated chamber for a 
sufficient period before being placed in the dipping water. Although 
no data have been obtained in which the latter applications were 
employed, the experimental results will be discussed to indicate the 
possibilities afforded by controlled annealing. 


When the more concentrated stock solution, neutralized to a pH © 


of 7.0 with hydrochloric acid, was frozen under the conditions previ- 
ously used, with the exception that the cans were annealed for one 
hour after removal from the brine by means of the hairfelt covering, 
cracking was prevented in six consecutive samples when sufficient 


ammonium sulphate was added to result in an ammonium ion con- _ 
centration of 33.0 parts per million, as indicated in Table 14, tests™ 


Nos. 30 to 32. As the final solution concentration in this phase of the 
investigation was 505 parts per million and the ratio of chlorides to 
sulphates was 2.77, the procedure was considered to be equally applic- 
able to less concentrated solutions in which chlorides predominated. 
Furthermore, since few industrial water supplies, following proper 
treatment, possess concentrations of dissolved salts in excess of 500 
parts per million, extension of the annealing procedure was limited to 
solutions composed almost entirely of sulphates. 

A third synthetic stock solution was therefore prepared having the 
composition indicated in Table 13, column 14. In order to overcome 
the opacity resulting from solutions containing large amounts of 


. 
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_ sulphates the ammonium ion concentration required to prevent 
cracking was obtained by the use of ammonium chloride. The result- 
ing solution, in which the ratio of chloride to sulphate ions was 0.095 
and the pH 7.0, was frozen under conditions similar to those used in 
tests Nos. 30 to 33 with the following exceptions, the necessity for 
which was developed in preliminary tests: 

(1) Two cores, one of 12 gal. followed by a second of 1 gal., were 
required to produce ice of marketable quality. 

(2) The temperature of the core refill water was lowered to 36 
deg. F. in order to reduce the development of internal 
strains. 

(3) The volume of air used for agitation was increased to prevent 

the occurrence of opacity from the increased salt concen- 
tration. 

(4) The cans were not removed from the brine until all water had 
been completely frozen. 

(5) The annealing period was extended to 2 hrs. 

Under these conditions cracking was prevented in eight consecutive 
samples, as indicated in Table 14, test No. 33. 


32. Conclusions Regarding Prevention of Cracking Drawn From Ex- 
perimental Data—The following conclusions have been drawn from 
the experimental results obtained: 

(1) The cracking tendency is materially affected by both the 
concentration and composition of the solution being frozen. It is 
increased generally by the concentration, and to a marked extent 
by the presence of chlorides. It is decreased by the presence of 
ammonium ions, the effect being proportional to the concentration 
of the latter to the point where a critical total salt concentration 
results from the addition of ammonium salt. 

(2) Control of the pH of-the solution being frozen is unneces- 
sary when the concentrations of total solids and chlorides are 
relatively low, cracking having been prevented by the presence of 
ammonium ion alone in solutions originally containing from 116 to 
164 parts per million over a pH range extending from 5.6 to 10.3. 
The extent to which pH control fails to become a factor as the salt 
concentration is increased above the range noted was not system- 
atically investigated although data to be presented in the follow- 
ing section indicate that as the salt concentration is increased a 
pH of approximately 7.0 is required 

(3) Any tendency to increase cracking resulting from the pres- 
ence of bicarbonate, carbonate, and hydroxyl ions under the condi- 
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tions outlined under (2) may be offset by addition of ammonium 
salts to the water being frozen. ; 

(4) Cracking may be prevented in cases where the presence of 
ammonium ions alone is insufficient through the use of controlled 
annealing of the ice as an additional procedure. Combining the 
two methods, cracking was prevented in solutions wherein the 
concentration of dissolved salts was 500 parts per million when 
the ratio of chloride to sulphate ions was 2.77, and 916 parts per 
million when the ratio was 0.097. 

(5) As the salt concentration of the water frozen in the aver- 
age plant is within the range discussed under (2), control of the 
ammonium ion concentration alone should be sufficient to prevent 
cracking at 6 deg. F. in these cases. 


3 
; 
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33. Commercial Application of Cracking Prevention Methods De- 
veloped.—Since the conclusions stated in Section 32 were based upon 
experimental data characterized by a relatively small number of 
samples for each condition investigated, the desirability of applying 
the results obtained to commercial operation was obvious. Unfor- 
tunately, however, no plant was available wherein an operating tem- 
perature of 6 deg. F. could be obtained, due to the additional equip- 
ment required by such pronounced changes in operating procedure. 
However, through coéperation of the Central Illinois Public Service 
Company, the ammonium ion method was used in two plants at 
Springfield, Illinois, where difficulty from cracking was encountered 
when the brine temperature was lowered below approximately 16 
deg. F. 

Although final adjustment of the procedure to plant operation 
was not complete when the present bulletin was in preparation, the 
preliminary results obtained will be presented, as they substantiate ~ 
in general the conclusions drawn from the experimental investigation. 

In order to form some basis for treatment of the actual plant 
water supply, preliminary work upon synthetic solutions was under- 
taken in the experimental plant. The brine temperature was main- 
tained at 6 deg. F., as it was anticipated that this temperature could 
eventually be approached in the commercial plants. In place of the 
new style freezing cans used in the previous experimental study, aux- 
iliary agitation was obtained by means of air headers suspended in 
the cans for one hour,* subsequent agitation being delivered to a 
single orifice located in the center of the bottom of the can through 


te *For complete description of the auxiliary header and its application, see Bulletin 219, Fig. 4 (d), 
p. 18. 
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SUMMARY or EXPERIMENTAL PLanT INVESTIGATION OF CRACKING PREVENTION AT 


6 Dra. F, ror Water Usep at SPRINGFIELD, Iuuivots, PLants or 
Centra Iuuivors Pusiic Srrvics Company 


_ Conditions: Brine temperature, 6 deg. F. 
= Average temperature of water to freezing cans, 70 deg. F. 
: Core removed, one 1-gallon 
: Average temperature of core refill water, 70 deg. F. 
- ated time, 24 hr. 
a reezing cans, standard integral type, single bottom orifi 
| 8 (see Bulletin 219, Fig. 4 (d), p. 13) ner 
ir for agitation, 1.3 cu. ft. per min., 1 hr., applied through auxili ir h 

Bulletin 219, Fig. 46 (c), p. 102) 0.4 cu. it. per min., 23 hr. BAS Deets ee 
Cans removed from brine when 15-20 ec. of water remained unfrozen, and allowed to air 

temper 1 hr. before dipping. . 
Average temperature of dipping water, 60 deg. F. 
Average temperature of air during tempering period, 85 deg. F. 
All doors and windows closed during air tempering period to prevent air circulation 


i Ammonium 
on Concentration . 
eel Arnos) |) Agmmo= [NHa*] in Solution eal Final 
aera nium nium Frozen Concen- | pH of | No. of | No. of 
No. Solution Sulphate | Chloride tration of | Solu- |Samples|/Samples 
Tabl s3. Added, | Added, Water tion | Frozen |Cracked 
1 oat) popes p.p.m. Caleu- Deter- Frozen, | Frozen 
column lated mined p.p.m. 
p.p.m p-p.m 
1 (16) 0 86 33.1 272.7 8.6 4 2 
2 (16) 0 110 41.4 296.7 8.6 2 1 
3 (16) 0 134.5 50.4 46.1 321.2 8.6 4 1 
4 (16) 136.0 0 41.4 37.4 322.7 8.6 4 3 
5 (16) 189 0 57.7 54.2 375.7 8.6 2 2 
6 (17) 90 0 29.0 30.7 279.8 7.0 i 0 
Ce (18) 90 0 29.0 0 267.4 7.0 4 0 


an integral air tube. This procedure resulted from the fact that the 
new style cans were not available for the plant scale runs. 

At both Springfield plants the city water is treated with lime to 
remove any iron present in the raw supply and to maintain a residual 
pH of from 8.6 to 9.2 in order to prevent solution of iron from the 
equipment and piping. An analysis of the treated water is given in 
Table 13, column 15. When synthetic solutions, having the compo- 
sition represented in column 16, Table 13, were frozen under condi- 
tions comparable to those used in tests Nos. 1 to 29, Table 14, 
cracking was not prevented even by the presence of 54.2 parts per 
million of ammonium ion, as indicated in Table 15, tests Nos. 1 to 5, 
but was prevented when the pH was reduced from 8.6 to 7.0 with 
sulphuric acid in the presence of 30.7 parts per million of ammonium 
ion, as indicated in Table 15, test No. 6. It was upon this evidence 
that conclusion (2), Section 32, was modified. However, the latter 
solution, consisting almost entirely of sulphates, produced ice at 
6 deg. F. characterized by a slight opacity uniformly distributed 
throughout the frozen block. Although this difficulty could readily 


be overcome by increasing the unis of air aod for agitation, a rt } a 


consisting of four samples was made wherein the transparency was 
increased by reducing the pH of the lime-treated water from 8.6 to 


7.0 with hydrochloric acid, thus increasing the ratio of chlorides to _ 


sulphates, and determining the possibility of preventing cracking 


under the resulting adverse conditions by the addition of sufficient q 


ammonium sulphate. The results are given in Table 15, test No. 7. 
As a result of the experimental plant investigation it was apparent 
that cracking could be prevented at 6 deg. F. when the pH of the 


_ lime-treated water was reduced to 7.0 with either sulphuric or hydro- 


chloric acid and sufficient ammonium sulphate (90 parts per million) 
was added to result in an ammonium ion concentration of approxi- 
mately 30 parts per million. 

In the actual plant investigation conducted by the engineering 
staff of the Central Illinois Public Service Company upon recom- 
mendations based upon the results discussed above, preliminary runs 
consisting of groups of sixteen samples were finally extended to in- 
clude all cans in the freezing tank. No material changes were made 
in the regular operating procedure of the plant, as it soon became 
apparent that sufficient compressor capacity was not available to 
reduce the average brine temperature below 12 deg. F. and, conse- 
quently, no auxiliary air agitation was required. The only change 
made before obtaining the test data to be presented involved replac- 
ing the standard metal core pullers and fillers with short sections of 
rubber hose. In the experimental plant this had been determined to 
decrease the cracking which resulted when the sides of the ice were 
forcibly struck by the coring equipment. 

The preliminary data obtained in the actual plant investigation 
are given in Table 16. Test No. 1 indicated that at a mean temper- 
ature of 14 deg. F. the number of samples cracked was 5.18 per cent, 
while in test No. 2 this number was reduced to 3.89 per cent at a mean 
temperature of 12.6 deg. F., when the pH was reduced to from 6.4 to 
7.2 with hydrochloric acid and the ammonium ion concentration was 
raised to from 30 to 54 parts per million by the addition of from 110 
to 220 parts per million of ammonium chloride. Neutralization was 
not investigated further at this time, however, as the plant had been 
operated for years with water lime-treated to a relatively high pH, 
and doubt existed as to the effect decreasing the alkalinity would have 
in loosening scale previously formed. Subsequent work was therefore 
designed to reduce cracking in the case of the lime-treated water by 
means of the use of ammonium sulphate. Tests Nos. 3 to 6 indicated 
(1) that at 12 deg. F. cracking could be reduced from 8.19 to 1.39 
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per cent in plant No. 1, and (2) that at 11 to 12 deg. F. cracking 
could be reduced from 5.65 to 2.17 per cent in plant No. 2. In both 
plants marketing conditions were such that satisfactory operation 
resulted if the cracking did not exceed approximately 2 per cent. 
According to the report submitted by the Chief Chemist, Mr. Hola- 
day, “since the proportion of cracked ice now being produced can be 
disposed of without loss, I do not think it will be necessary to increase 
the dosage (of ammonium sulphate) sufficiently to eliminate cracks 
entirely.” 

Although the plant investigation was limited to brine temper- 
atures above 6 deg. F. and market conditions did not necessitate 
reduction of cracking below 2 per cent, the results apparently lend 
considerable support to the conclusions, based on the experimental 
data, which have been presented in Section 32. Since the results 
presented cover only a preliminary phase of the plant investigation, 
interesting data should be anticipated as the work is extended. 


IX. CoNcLUSIONS 


34. Conclusions.—As a result of the investigation, the following 
conclusions may be drawn: 

(1) The freezing time may be reduced to a minimum value at any 
brine temperature by the use of optimum can submergence and brine 
velocity. The variation between the minimum values and those 
previously accepted as standards for commercial operation amounts 
to 8 hrs. at 16 deg. F. and 4.5 hrs. at 6 deg. F. 

(2) The optimum can submergence at both 16 and 6 deg. F. 
occurs when the final level of the ice in the freezing can is 1.5 to 2.5 in. 
below that of the brine. 

(3) The freezing time at both 16 and 6 deg. F. has been deter- 
mined to be materially influenced by the average velocity of the brine 
past the freezing cans for velocities up to 30-35 ft. per min., the 
freezing time decreasing as the velocity is increased. At velocities 
above 35 ft. per min. no material decrease in freezing time results. 
The discrepancy between the experimentally-observed velocity- 
freezing time relation and that estimated on the basis of plant opera- 
tion indicates the desirability of revaluating plant performance. 
Although direct determination of brine velocity in commercial instal- 
lations is subject to numerous difficulties, approximate values should 
be determined indirectly with sufficient accuracy by means of the 
experimental data presented. 
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a) The Sane tendency of ice frozen at 6 deg. F. ne been 
; demonstrated experimentally to be increased by the concentration of 
salts present in the water frozen, particularly in the case of chlorides, 


Pend to be reduced by both the addition of ammonium salts to the ‘ 
water frozen and controlled annealing of the frozen blocks of ice after te 
cae removal from the brine. The conditions resulting in the preven- Ase 


tion of cracking have been defined on the basis of the experimental 
- data obtained. 

(7) Results obtained in applying the ES hedaneatal data indicate 
that the methods developed to prevent cracking possess definite 
~ commercial possibilities. 
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